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Accordins to Le Chate1ier 1 s principle, the chemical 
equilibrium of a system can be displaced by a change of 
any variable, such as temperature, pressure, or concentra-
tion, In the field of metallurs.v-, temperature is the most 
important factor to be controlled :1n pyro-meta11urgy, while 
concentration is the most important in hydro-me.tallurgy; 
the use of reduced pressure directly or indirectly for the 
production of metals or alloys from their compounds, natura.~ 
or manufactured, can be referred to as vacuum metallurgy. 
Prior to World War II, the use of high vacuum in 
metallurgy was limited to laboratory experimentation.. 
luring the last ten years, there has been an increasing 
interest 1n thi.s field, inspired by the industrial applica-
tion of Pidgeon's ferrosilicon reduction process for 
.magnesium (1), the increasins demand for "rare" metals, 
(1) Pidgeon, L. M. and Alexander, W. A., Thermal Production 
of Magnesium - Pilot Plant Studies on the Retort Ferro-
silicon Process. Trans. A.I.M.E., Reduction and Refin-
ing of Non-ferrous Metals. Vol. 159. (1944) pp.315-352. 
such as titanium and zirconium, and the developement of 
vacuum techniques in industrial processing operations. 
Metallurgi.cal reactions 1.n which gaseous products, 
either metals or compounds, are formed from solid or liquid 
reactants are favored by maintaining a reduced pressure 
2 
over the system. The direction of such reactions can be 
reversed by operating in vacuum instead of at atmospheric 
pressure; furthermore, the reacting temperature can be 
~owered, or the reaction rate can be accelerated. Both 
the reaotants and the products are protecte.d :from the 
. attaok o~ gases, such aa oxygen, nitrogen, moisture, 
~arbon dioxide, etc. For illustration, the thenna1 produc-
. tion of magnesium by the reduction of calcined dolomite 
with ferro-silicon is only possible under reduced pressure; 
-dezincing in lead refin1ng(I), and the vacuum distillation 
(2) Isbell, w. T., Vacuum Dez1ncin5 in Lead Refining. 
Metals Technology, April, (1947) T.P. 2138. 
Parkes process crusts (3) are both conducted at a lower 
~3) Schlechten, A. W., and Shih, c. H., A Better Way to 
Treat Parkes Process Crusts. Eng. and Min. Jour. Dec. 
1949, p. 80. 
~emperature and higher rate in vacuum; the active metal 
barium is produced by vacuum thermal reduction for highest 
purity <4>; and the hygroscopic substances, titanium 
(4) Kroll, W. J., Process for Making Barium and its Alloys. 
u.s.B.M. I.e. No. 7327, Aug. 1945 
tetrachloride and zirconium tetrachloride, are protected 
by using vacuum in the production of due.tile titanium .and 
3 
zirconium. 
(5) Kroll, W. J., The Production of Ductile Titanium. 
Trans. Electrochem. Soc. Vol. 78, (1940) pp. 35-47. 
(6) Kroll, W. J., Schlechten, A. W., and Yerkes, L.A. 
D.lctile Zirconium from Zircon Sand. Trans. Electrochem. 
Soc. Vol, 89, (1946) pp. 263-276. 
However,iri spite o~ its advantages, vacuum metallurgy 
is still Just at its beginning, and many problems, theoret 
cal and commercial, must be investigated and solved. The 
most important property of the metals and their compounds 
which should be first taken into consideration in vacuum 
metallurgy is the vapor pressure or volatility; the latter 
may be defined as the capacity of the substance to be 
volatil.ized, and expressed as the rate of vaporization or 
sublimation in terms of grams per square centimeter per 
second in the C.G.S. system. The importance of this 
property in vacuum metallurgy is the same as that of 
thermal stabil~ty or free energy of formation in pyro-
metallurgy; that of solubility in hydro-metallurgy; and 
that of electromotive force and electrical conductance 
in electro-metallurgy. Some authoritative compilations 
and reviews on the vapor pressure of inorganic substances 
have been published. Kelly (7) has compiled the free 
energy of vaporization and vapor pressure of inorganic 
substances as a function of temperature using the reliable 
data up to 1935. Ditchburn and Gilmour (8) critically 
4 
discussed the vapor pressures of monatomic vapors in 1941. 
Dishman (9) has compiled the vapor pressures and the rate 
(7) Kelley, K. K., Contribution to the- Data on Theoretical 
Metallurgy, III The Free Energy of Vaporization and 
Vapor Pressure of Inorganic Substances. u.s.B.M. Bull. 
383 (1935) 
( 8) Ditchburn, R. W., and Gilmour, J. C., The Vapor Pressue 
of Monatomic Vapors .• Rev. of Modern Phys., Vol. 13, (1941) pp. 310-327. 
:9) Dushman, S., Scientific Foundations of Vacuum Techniqtee 
published by John Wiley and Sons, New York, ( 1949) 
of vaporization of metals as a function of temperature by 
using the reliable data up to 1949. D. R. Stull of Ik>w 
Chemical Co.(lO) compiled the vapor pressure data for 300 
~10) Stull, D.R., Vapor Pressure of Pure Substances, Ind. 
and Eng. Chem. Vol. 39, (1947), pp. 540-550 
inorganic substances in 1947. Of the metallic sulf~des, 
which are of great importance as the many metals, only 
the vapor pressure of lead sulfide 1s listed ui Stull's 
Table. Recently, Russian investigators have determined 
rthe vapor pressure- of the sulfides of zinc, cadimium, lead, 
a.nd antimony; Veselovsk1i (ll) determined that of zinc, 
~adm1um, lead, and antimony 1n 1942; and Pogorely1 (l2) 
redetermined that of zinc and cadmium in 1948·. 
5 
(11} Veselovskii, B. K., Vapor Pressure of the sulfides of 
antimony, lead, cadmium, and zinc. J. of Applied Chem. 
Vol. 15, (1942), pp. 422-435 (Russian). 
Am. Chem. Abst. Vol. 37, (1943), pp. 3987. 
(12) Pogorelyi, A. D., J. Phys. Chem. Vol. 22, (1948) pp. 
731-745, Am. Chem. Abst. Vol. 42, (1948) p. 76061. 
The purpose of thj.s investigation is to determine the 
vapor pressur.e or volatility of. the sulfides of the fo11ow-


















The relation of this property to the position of the 
metals 1n the periodic table will be discussed, thus the 
vapor pres-sure or volatility of the remaining metals can 
be predicted as to the order of magnitude if the law of 
periodicity holds. 
The possible application of such data in vacuum re-
duction,separation, and dissociation of metallic sulfides 
.wi11 also be discussed; illustrative examples of such 
applications are carried out in the fo11ow1ng experiments: 
a) Vacuum reduction of molybdenum sulfide with silicon 
b) Vacuum reduction of molybdenum sulfide with tin 
6 
c) Vacuum reduction of iron sulfide with silicon 
d) Vacuum reduction of zinc su1:fide with calcium 
carbide 
e) Vacuum separation of zinc sulfide and 1ead sulfide 
f) Vacuum separation of zinc sulfide and manganese 
sulfide 
g) Vacuum dissociation of silver sulfide. 
Chapter II 
Determination of Vapor Pressure and Vo1a~111ty of 
Meta11ic &tlf1des 
1. Review of Literature 
7 
In the early literature there are some qua1itative 
statements regarding the volatility of the metallic su1-
fid.es which are scattered widely in different sources and 
have been summarized by Mellor (13). They will be 
( 13) Mel.lor, J. W., Comprehensive Treatise on Inorganic 
and The.oretical Chemistry, published by Lonsma,n and 
Green Co. New York, (1922-37) 
mentioned in the subsequent sectj.ona. The boiling points 
of some metallic sulfides have been determined and are 
summarized in Table I. (l4) 
(14) Hodgman, c. D., Handbook of Chemistry and Physics, 
published by Chemical. Rubber Publishing Co. Cleveland, 
Ohio, C 1949) 
Table I. Boiling Point of Metallic sulfides 
( from Handbook of Chem1.stey and Physic.a <1949) 
substances Boiling Point (0 c) 
Al2S3 SUb1. 1550 ( !-12) 
As2s2 565 
As283 707 
CdS Sub1. 980 (N2) 
Cs2 s3 780 
8 
GeS Subl. >430 
GeS2 SUbl. >600 
HgS 583.5 
Mo2s3 1200 Volat. 
S1S Subl. 940 
SnS 1230 
ZnS SUbl. 1185 
In 1919, Schenck and Albers (15) measured the vapor 
( 15) Schenck, V. R. und Albers, A., Uber die chemischen 
Gleic.hgewichte zw:L.schen B1e1sul:f"1.d und se1nen Rost,pro• 
dukten, z. anorg. Chem, Band 105, (1919) pp. 145-66. 
pressure of lead sulfide by a dynamic method in the t~mp~r~-
o 
~ure range from 850 to 995 c. Their resu~ts in abqreviate4 
form. are summarized as follows:-














In 1942, Veslovsk11 (l6 ) measured the vapor pressure 
(16) Ves1ovsk~1, B. K., op. cit. 
ot sulf.1.des o.f antimony, cadmium, lead, and zinc. by 
Knudsen I s method 1.n the temperature range :f"rom 360 to 100<90 
and at, pressures of 5 x 10-4 to o.4 mm Hg. Thi.a method 
9 
is described in the following sect1an of this ehapter. 
The area of the orifice for effusion wa.s several tenths of 
a millimeter in diameter, and from 0.00261 to 0.00802 
square centimeter in cross section as. measured by micro-
photography with an accuracy of ± 1%. The container _for 
the sample was weighed on Bunge Ba1ance . with an accuracy 
ot ! 0.10 milligram, and the loss-of we~ght varied ~rom 
l to 50 milligrams. Therefore, ha claimed the error of 
weighing in the worst cases was only 1 to 2 percen~. He 
met some d:Lfficulties in the experiments on zinc sulfide, 
tor it is easily oxidized and absorbs gases rapidly_ up to 
several tenths of a mi111gram. The container for the 
sample was inserted in the furnace when the desired tem-
perature was reached and after a few minutes was rap1d.1y 
removed from the hot zone after which the apparatus was 
tilled with hydrogen to stop vaporization. The error of 
the time determination never exceeded! 0.5% according 
to the author. The temperature was contro11ed by a high 
temperature thermostat within 0.5°0. His results are 
summarized and listed in Table .II. 




A -3 log Pmm: ~ + DlogT + Cx10 xT - B 
State A D O B Temn. (°C) 
solid -11200 ----- ----- 12.546 392 -506.1 
liquid -11978 -9.03 ----- 39.82 
solid -12120 -0.82 -0.437 ~.873 
So1id -11256 ----- ----- 9.823 






His results on lead sulfide agreed with those of 
Schenck and Albers, and the equation was calculated by us-
ing Kelley's data for heat contents. Antimony sulfide 
obtained by sublimation has enhanced volatility and must 
be recrystallized .near the melting point to obtain the 
stable black form which gives sharp lines in a Debye X-ray 
diffraction pattern identical with that of natural stibnita. 
In calculatang the vapor pressure of antimony sulfide, it 
was assumed that the molecules of it in gaseous state are 
Sb4S5. As Veslovski1 stated, if analagous computations were 
made assuming Sb2S3 to be the composition of the gaseous 
phase, the results were inconsistent. 
In 1945, the National Research Corporation published 
a bookl.et in which some vapor pressure data obtained in 
their laboratory are given(l7). For sulfides, the tempera-
( 17) Dushman, s., op. cit. pp. 779-780 
tures at which Sb2S3 and ZnS have a vapor pressure of 10 
microns are given as 550 and 1200°c respectively. 
In 1948, Pogorelyi(lB) determined the vapor pressure 
(18) Pogorelyi, A. D., op. cit • 
. of CdS and ZnS by a streaming method. His results are sum-






















log Pmm =- 7~20 + 6.35 logT - 12.91(800-1200) 
Previous work on the behavior of different metallic 
sulfides under vacuum will be mentioned 1n the subsequent 
sections. 
2. Theore.tical Considerations 
In this aection, the problem will be considered from 
a theoretical standpoint. At firat, the methods used for 
the determination of the vapor pressure wil1 be described, 
and their range of applicability will be discussed. Then, 
Langmuir's method which is used in this investigation, . and 
the Knudsen's method which is related very closely to 
Langmuir's method will be discussed in detail. Finally, the 
vari~tion of vapor pressure with pressure and temperature, 
and the free energy of vaporization or sublj_mat1on will be 
discussed. 
a) Methods for the determination of Vapor Pressure 
The accurate determination of the vapor pressure of 
substances is of considerable interest 1n many fields, 
Pl)1s1cs, chemistry, chemical engineering, etc., thus the 
12 
methods for determining them are wide1y scattered 1n diff-
erent literature sources. Ditchburn and Gi1mour(i9) have 
made a comprehensive review of the experimental- methods for 
(19) Ditchburn, R. W. and Gilmour, J. c. op. cit. 
the determination of the vapor pressure of monatomic vapor~ 
the-se metho.ds can be likewise app11.ed to other vapors if 
due- considerations are taken. The exper1menta1 metho.ds can 
· be conven1ent1y classified into two c1asses .according to 
the pressure range investigated; low pressure methods, 
lranging from 10-8 to 10-2 mm. mercury, and high pressure 
methods ranging from 10 to 103 mm. merc.ury. Undoubtedly, 
~he· intermediate range can be determined by extending 
either of the two methods. Each of the above two classes of 
methods can be subdivided into dif:ferent me:thods which will 
~e described briefly as to11ows: 
'lI) u:,w Pressure Methods 
~ l) Effusion Method or Knudsen I s Method 
In this method the vapor f1ows from a space where it 
1.s 1n equilibrium with the, solid or liquid at a known temp-
arature into a high vacuum through a :fine orifice. Formulae 
!er1ved by Knudsen< 20 ) enab1e ~he vapor pressure to be cal-
lulated from the size of the orifice and the rate o:r flow. 
· (20) Knudsen, M., Kinetic Theory o:r Gases, Pub11shed by 
Meuthen, Ltd., London, (1934) 
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The later can be measured by different methods. 1iated as 
f'ollows: 
(a) Weighing the sample bef'ore and after the effusion. 
(b) Condensing the effusing substance on a suitab1e 
target and titrating it with micro-ana1ysJ.s methods. 
( c) Measuring the- f'orce exe-rted by the effusing subs-
tance on a vane which is suspended :from a quartz :fiber. 
( 2) Evaporation method or Langmuir's Method 
From the kinetic theory of' gases the vapor pressure 
can be determined from the rate of' evaporation by regarding 
the evaporating surface as. the effusion aperture, provided 
that it can be assumed that the reflection coefficient :for 
atoms at the working temperature is zero. The method was 
first used by La.ngmu1r( 2l) for the determination of' the 
( 21) .Langmuir, I., Vapor Pressure of' Metallic Tungsten, 
Phys. Rev. Vol.2, (1913) pp.329-342. 
vapor pressure o:r metallic tungsten. 
(3) Direct Manometric Methods 
The vapor pressure can be measured directly by ve-ry 
sensitive vacuum gauges such as: 
(a) Ionization gauge. 
(b) Vibration gauge. 
(4) The Electric Methods:- There are several electric 
methods :for measuring vapor pressure 
(a) Ion Current Detector:- In this method a tungsten 
14 
f .11ament at about 1500°K is suspended in the vapor. It has 
been shown that every alka11 meta1 atom striking the fila-
ment comes off as a positive ion. The vapor pressure can 
be measured .from the measurement of the. positive ion cu?'-
rent. 
(b) Magnetic Deflector:- The atomic beam emerging from 
an effusion aperture is allowed to pass between the po1es 
of a powerful magnet by which some part 1s def.1ected and 
someis not, thus the vapor pressure can be calculated. 
Cc) Electromagnet1c Balance:- The force exerted by the 
pressure of the vapor 1s balanced against that due to an 
electromagnet. 
(II.l H1ah Pressure Methods 
(1) Ordinary Hypsometer Method for the determination of the 
standard boiling point, t1ha.t is, the temperature at which 
. the- vapor pressure becomes equa.1 to 760mm mercury. There is 
11tt1e- difficulty 1n extending it to measure vapor pressure 
down to 100mm mercury. 
(2) Static Methods:- The substance investisa,ted is contain-
ed- 1n a crucib1e or a tube with a opening, and it is heated 
in the- presence of an inert gas at a known pressure. When 
the- vapor pressure above- the 11qu1d or the solid reaches 
the pressure of the inert gas, there w111 be a sharp 
1ncrea.ae. in the rate at which the m&ter1a1 escapes from the 
-~ruc1b1.e or the tube. 
(3) Q,uas1atatic Method:- The apparatus containing the subs-
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tances investigated is filled with an inert gas to a 
pressure greater than the expected vapor pressure. The 
temperature of the apparatus is raised to a constant value, 
succeasive portions of the inert sa,s are pumped off. Whe 
the vapor pre.ssure slightly exceeds the pressure of the 
inert gas, a pressure difference will be shown on a 
differential manometer. 
(4) Streaming Method:- A stream of inert ga.s is passed 
slowly over the surface of the substances investigated, the 
vapor pressure of the substance, p, can be calcu1ated by 
~ha followins formu1a.:-
P a (M +MG ) x p 
Where P: The total preasure in the system where 
evaporatio.n is taking place, 
M = Molecules of the substance evaporated, 
astimate.d from the lea.a in weight of the 
substance during the evaporation, and 
G • Molecules of the gaa passuig through 
during the evaporation, meaaured with any 
standard gas flowmeter. 
(5) Direct Manometric Methods:- The vapor pressure can be 
aired directly by manometers. A manometer is used to 
sure the gaseous pressure on ene side of a septum, the 
th&r side of which is auppGrted by the .vapor pressure of 
the- sub.stance investigated. 
The useful. range of the dif:ferent method described 
above is shown in figure 1, which 1s reproduce-d from 
D1..tchburn and G1l.mour' s article with some mo.d1~1cation. 
Thase ransea can be extended .in both directions to some 
extent according to the substance 1nve.st1gated and the 
apparatu&.,used. 
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In th& same temperature range, the: vapor pressure o:f' 
d1:C:ferent metal.1ic sul.f:ides have di:f'.:ferent va1uea, 'thus, 
different experimental. methods sho.u1d be u -sed to determine 
them. From a practical point of view, both vapor pressure 
and volat111. ty are of equa1 importance in vacuum meta1lurgy 
thus, Langmu.1.r' s method was chosen 1n this investigation 
for different metal.lie sulfides 1n different temperature 
ranges. Langmuir's method is a mod1:ficat1on .of Knudsen's 
me:thod, thus both of them will be consi.dered i.n .detail 1n 
ithe- subsequent sections. 
b )- Lanp;mui.r' s Me-tho d 
The kinetic molecu1ar 1nterpretat1.on of the pressure 
~xerted by a gas on a containing vessel 1s that a continua.s 
.lbail or shower of molecules -beats constantly agai.nst all 
parts of the surface· of the containi.ng vesse1. It was 
shown by Meyer ( 22 ) that the number of molecules of a gas 
(22) Leob, L.B. K1nect1.c Theory of Gases, Published by 
McGraw-Hill Book Co., (1934) pp. 103-106. 
,a.a a . whole that strikes a unit area per unit time, N, is 
given by the relation:-
-'! ·3b·· 
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N = ! nv----------------------------(1) 
where n is the number of gas molecules per unit 
volume, and vis the average or mean velocity. Multiply-
. ing both sides of equation ( 1) by m, the mass of one 
molecule, mN is the weight W of' the gas atrildng a unit 
area .of the surface per unit time. Thus:-
1 
W = mN = 4nmv: !dv ----------------(2) 
where d 1s the density of the gas. From the law of 
perfec.t gas, pV = RT, the density of the gas, d, can be 
ca1culated as f'ollows:-
d: M: Mp: ~T --------------------(3) V VI' RT 
where Mand V are the molecular weight and molar 
volume at temperature T respectively, and R is the gas 
constant. 
From the Maxwe1l-Boltzman distribution 1aw of velocitor, 
the mean or average velocity, v, can be calculated by the 
following equa.tion C 23) : -
(23) nJ.shman, s., op. cit. pp. 18-22. 
V =J8Hi. ----------------------------( 4) 
substituting equations (3) and (4) into (2), we obta:hl 
W : f! : 1 ( ~) u 8~l : Pj 2 RT = Kpj ~ -( 5) 
where- K is a constant, if p is expressed in mm of 
mercury, T in Kelvin scale, M in grams, and W 1n grams per 





P~ -------------- (5a) 
The above equation was first applied by Langmuir( 24) 
(24) Langmuir, I., op. cit. 
for -the determination of the vapor pressure of tungsten 
from- the rates of evaporation at different temperatures. 
This. method has been discussed by various authorsC 25)( 26~27 
(2S) Loeb, L.B., op. cit. pp.105-106. 
(26) Dushman, s., op. cit. pp.9-12. 
('Zl) Partington, J. R., An Advanced Treatise on Physical 
Chem1.stry, published by 1':>ngmans, Green and co., New 
York, (1949) pp.271 
Quoting from Langmuir's original paper:-
" Let us consider a surface of metal. 1n equilibrium 
with its saturated vapor. According to the kinetic theory, 
we look upon the equilibrium as a ba1ance between the rate 
ot evaporation and the rate of condensation. That is, we 
coneeive of the time processes as going on sJ.mutaneously 
at. equal. rates. 
11 At a temperature so 1ow that the vapor pressure ot a 
substance does. not exceed one millimeter, we may consider 
ltbat the rate of evaporation of a sub.stance 1a independent 
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of the presenoe of vapor around it. That is, the rate of 
evaporat.ion in a high vacuum is the same as the rate of 
evaporation in presence of saturated vapor. Simi1iarly, we 
may consider that the rate of condensation is determined 
on1y by the pressure of the vapor". 
This merely means that the presence of ato.ms or mole-
cules of the vaporizing substance at one millimeter mer-
cury pressure does not interfere with evaporation by the 
behavior of atoms or molecules as a reflecting layer that 
throws the evaporating molecules back to the surface on 
their first free path. Such an action is not taken into 
considerat1on in deducing equation (1). 
If we assume that every atom of vapor which strikes 
the surface· condenses, then equation (5) also gives the 
relation between the vapor pressure and the rate of evapo-
ration 1n vacuo. If, however, a certain portion, r, of the 
atoms of the vapor is reflected from the condensing surface 
then the vapor pressure will be greater than that calculatea 
from equation (5) in the ratio 1:(1-r). Knudsen gave the 
name accommodation coefficient to the quantity (1-r). "It 
can be defined as standing for the fractional extent to 
Which those molecules that fall on the surface and are 
reflected or re-emitted from it, have their mean energy 
-adju.s,ted or 'accommodated' toward what 1 t would be if the 
returning molecules were issuing as a stream out of a mass 
ot gas at .the temperature of the wall" ( 28 ) • 
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(28) Kennard, E. H., Kinectic Theo~/ of Gases, Published 
by McGraw-Hill Book Co., New York, (1938) pp. 311-312 
The .accommodation coefficient is an important 
quantity in the study of adsorption and molecular con-
duction of heat. Some work has been done in these fields, 
and the results are compiled in different references. 
Lansmuir ( 29 ) cited the results of Knudsen who calculated 
the accomodation coefic1ent from the measurement of the 
(29) Langmuir, 1., op. cit. pp. 332. 
heat conduction of gases at low pressure, as- follows:-
Gas surface Accommodation Coefficient 
H2 Polished Platinum 0.36 
CO2 Polished Platinum 0.87 
H2 Platinized Platinum 0.71 
Co 2 Platinized Platinum 6.98 
( 30) 
n.ishman compiled the values of the accommodation 
(30) Dushman, s., op. cit. pp. 55. 
coefficients for hydrogen, oxygen, and carbon dioxide as 
follows:-
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Surface H2 02 CO2 
PolJ..shed Pt 0.358 0.835 0.868 
pt slightly coated with black 0.556 O .927 0.945 
Pt heavily coated with black 0.712 0.956 0.975 
H N2 A Hg air 
Tungsten o.~o 0.57 o.as 0.95 
Ordinary Pt 0.36 o.89 0.89 0.90 
Partington ( 31 ) compiled some va1ues for the accommodat1on 
(31) Partington, J. R., op. cit. pp. 932. 
coe~t1cient of various gases on platinum for pressures 















From the data cited above, it is evident that the 
accommodation coefficient varies with the kinda of gases 
and the nature of' the condensing surface. It· 1s reasonable 
·--
to believe that the accommodat1on coefficient 1.s very high 
~d nearly unity for a vapor of high molecular weight 
condensing on a rough surface. It is practically one for 
beryllium <32>, iron (33), copper (33), nickel ( 34>, and 
nickel. oxide ( 34) according to determinations that have 
been made. 
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Also in .a paper on the vapor pressure of high boiling 
(32) Schuman, R. and Garrett, A. B., The Vapor Pressure of 
Beryllium, Am. Chem. Soc. J. Vol. 66, (1944) pp.442. 
(33) Marshall, A. L., Dornte, R. W., and Norton, F. J., 
The Vapor Pressure of Copper and Iron, Am. Chem. Soc. 
J. Vol. 59, (1937) pp. 1161-1166. 
(34) Johnson, W. L. and Marshall, A. L., The Vapor Pressute 
of Nickel and i'!icke1 Oxide, Am. Chem. Soc. J. Vol. 62, 
(1940), pp. 1382. 
point organic liquids, Verhock and Marshall have shown 
that the coefficient is one. (35) Recently, Brewer, Gill~ 
and Jenkins (36) measured the- vapor pressure of graphite 
( 35) Verhock, F. H., and Marshall, A. L., Vapor Pressure 
and Accommodation Coefficient of Four Non-volatile 
Compounds The Vapor Pressure of Tri-m-cresyl Phosphate 
over Polyvinyl Chloride Plastics, Am. Chem. Soc. J. 
Vol. 16 (1939) p. 2737. 
(36) Brewer, L., Gilles, P. W., and Jenkins, F. A., The 
Vapor Pressure of Graphite, J. Chem. Phys. Vol. 16, 
(1948) pp. 797-807. 
by the effusion method and calculated the accommodation 
coefficient to be 0.3 by comparing the data with those 
obtained from Langmuir's method. •t. The deviation from unity 
can be explained by the fact that the molecular weight of 
graphite gas is low as compared with that of mercury, 
copper, iron, nickel, and nickel oxide. Therefore, as 
mentioned by Dushman <37>, we may, in practically all 
cases of evaporation, express the rate of evaporation G 
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(37) Dushman, s. op. cit. p. 20. 
in grams per square centimeter per second in the following 
form:-
2 ~ G: W: 5.833 X 10- Pmm~ ~ ------------- (6) 
P - 17.14 G If -------------------------(7) or mm - ~M 
log Prom= logG + i logT - flogM + 1.234 ---(7a) 
Throughout this investigation, equation (7) or (7a) 
will be used to calculate the vapor pressure of metallic 
-sulfides from the experimental determination of rate of 
evaporation or sublimation. The assumption that the 
accommodation coefficient is unity is reasonably true for 
metallic sulfides which have high molecular weights and 
are condensed on a rough surface. 
c) Knudsen's Method 
Since Langmuir's method is a modification of 
Knudsen's method, it is worthwhile to consider the latter 
briefly in this section. If in a vessel, having a certain 
surface exposed to the molecular shower a small.~trapdoor 
is suddenly opened, the number of molecules rushing out 
through the trapdoor into a vacuum is equal to the number 
coming to it. That is, the rate of effusion through the 
trapdoor is equal to the rate at which the molecular 
shower strikes on it, the quantitative relation of the 
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latter to the pressure, temperature, and the molecular 
weight of the vapor was shown as equation ( 1) and ( 5) in 
the last section. 
If the area of the trapdoor or the orifice is sufti-
ciently small as compared to that of the evaporating 
surface the accommodation coefficient has only a very 
small effect which can be neglected. This effect can be 
easily seen from the following analysis (38). 
( 38) Speiser, R. and Johnston, H. L., Methods of Determin-
ing. Vapor Pressure of Metals, Trans. A.S.M., Vol. 42, 
(1950), p. 286. 
Let Sand a represent the area of the evaporating 
· surface and the accommodation coefficient respectively. 
If equilibrium is established at the true vapor pressure 
P, then aNS molecules would condense per unit time on the 
evaporating surface S, where N is the number of molecules 
of the vapor striking on unit area of the surface per 
unit time at pressure p and temperature T. An equal 
numbers, aNS, would evaporate per uni~ time. 
. .. 
If, now, a trapdoor of area A is opened, the equili-
brium will be disturbed by the escape of the molecules 
through it. A steady state will be established at a lower 
pressure p', such that the rate of effusion through the 
trapdoor is Just balanced by the net rate of evaporation 
from the surfaces. The net rate of evaporation is the 
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gross rate of evaporation aNS, which is unaffected by the 
slight change of pressure, less the gross rate of condensa-
· tion, which is now aN'S, where N' is defined similarly to 
:r but for pressure p'. The rate of effusion is evidently 
:r• A, thus: 
N'S: aNS - aN'S or 
N': aN ---------------{8) A/S + a 
rom equations ( 2) and (5) in the last section, we obtain: 
N w - ~ ~ and = m - m T 
N'= w t J M iii = M ,'1 2JtRT 
erefore, equation (8) can be transformed as: 
p'- ( a -) P -------------(9) 
- A/S t a 
Thus, it is evident from equation (9) that when the 
atio of the area of the trapdoor or the orifice to the 
rea of the evaporating surface is much less than the 
ccommodation coefficient, the measured vapor pressure p' 
s very close to the true vapor pressure p. 
Experimentally, the rates of effusion are determined 
t the same experimental condition but for different ~S 
If they agree with one another within the ex-
erimenta1 accuracy, then it is tIUe that the A/S ratios 
sad is much less than the accommodation coefficient. 
The orifice also should have a very thin wall, other-
a correction must be applied to account for the 
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resistance of channeling formed under these conditions. 
d) Comua.rison of Lanp;muir's and Krrudsen's Method 
Both Langmuir's and Knudsen's methods are derived 
from the same theoretical consideration by using the same 
olecular shower formula. The latter has the advantage 
determined from it are practical1y un-
tfected by any re~lection of the vapor molecules from the 
has the disadvantages that it can not be 
pplied to determining the vapor pressure of dii-ficultly 
olatile substances due to the fact that a very small 
rifice should be used in this method. On the other hand, 
large evaporating surface can be used in Langmuir's metbJ\ 
hue a higher percentage of accuracy 1n the rate of 
vaporation can be obtained. Fu.thermore, Langmuir's method 
a simple in experimental procedure and gives, the vola~i.l.i-cy 
ta directly, but it has the disadvantages of uncertaintie 
t the accommoda.tion coefficient and possible errors be-
ause of irregularities of the evaporating surface. 
e) Variation of Vapor Pressure with Temperature 
The relation between the vapor pressure of any sub-
stance and the temperature is given by the Clausius-
lapeyron equation. Clausius showed ho.w the Clapeyron 
quation may be simplified by assuming that the vapor 
beys the ideal gas law. In the Clapeyron equation, 
'1p -dT -
L 
T (V-Vo) ----------------------- (10) 
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Which gives the rate of change of vapor pressure, 
p/dT, in terms of the molar heat of vaporization or 
sub1imationL, volume of the liquid V0 , and volume of the 
at the temperature Tin the absolute scale and 
ressure p. Since V0 can be considered negligible in 
ompar1fi::>n with V, and if the vapor can be treated as a 
erfect. gas, then 
L: TV~ : T (fil') ~ 
dT P . dT 
or 
~= t (~) ------------------------------ (11) 
Since Risa constan~, integrating on the assumption 
hat Lis a constant yields 
Ln p - - ~ + C ----------------------- {12) 
- RT 
C is an .j.ntegration constant. 
Usually, equation (12) is writ~en as follows: 
log p: _!_ + B ---------------------- (13) T 
Comparing (12) with (13), yields 
A= -L/ (2.302R) -------------------- (14) 
or physical interpretations, A is related to the heat of 
aporization or sublimation by a constant factor (-2.302R); 
d B is the l ·ogari thm of ,the vapor pressure of the sub-
t~ce at infinitely high temperature. 
In gene.ra.1-, L is a function of temperature., such that: 
~= c8 - c8 ---------------------------- {15) 
Cs are the specific heat per mole of the vapor 
d the solid at constant pressure respe~tively. Inte-
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gration yields Kirchhoff's equation:-
L: ~(Cg - C6 ) dT + L0 -------------- (16) 
Experimentally, ( Cg - Cs) has different forms., thus 
different forms of the equations relating vapor pressure 
and temperature are found:-
R lnp - -
T + I 
(12a) 
If C -C - a. g s - , 
Rlnp:- Lo 
T + a InT +I----------- (17) 
If Cg -C8 = a + bT, 
R lnp : - Lo 
T 
+ a InT + ibT *I------ (18) 
If C -C - a + bT -g s -
R lnp : -
T-2 C ' 
If the specific equations of the solid and the vapor 
are determined experimentally or estimated by some theore-
tical considerations (39), The constants Lg and I can be 
(39) Richtmyer, F. K., and Kennard, E. H., Introduction to 
Modern Physics, published by McGraw-Hill Book Co. 
(1947) Chapter IX pp. 424-250. 
•t. 
determined by the vapor pressure data. Rearranging 
equation (19) 
~ + I : -P lnp + a lnT + ibT - icT-2-----(20) 
The group of terms on the right usually is designated 
as Z, so that 
--------------------------- (21) 
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Following the method o~ ca1cu1ations proposed by 
Lewis and Randall ( 40 ) a graph of ! - 1/T is constructed, 
the resul..ting plot shou1d be a straight 1ine., o;t whl.ch 
(40) Lew~ G. N., and .Banda~ M., Thermodynamics and 
Free Energy of Chemical. Substances, McGraw-Hill Book 
Co. New York, ( 1923), pp. 173-4. 
L
0 
is the s1ope., and thus is calculated. Next, LofT is 
computed :tor the - temperature of each vapor pressure 
point and subtracted from the corresponding ] -val..ue. 
The result is I, which should .be. constant tor a11 points 
w1tlu.n the experimental error of the vapor pressure data 
and the accuracy of the spac1f'1c heat terms .. The mean 
va1ue or weighted mean value of I is usµally adopted. 
The quantity I/R expressed in c.g.s. unit is ca1led 
the vapor pressure constant and can be calculated by a 
f'onnula given 1n sta,t1stica1. mechanics ( 4l). It involves 
(41) Gurney, R. W., Introduction to Stat1st1.ca1 Mechanics, 
MoGraw-Hi.11 Book Co., New York (1949) p. 232. 
the spectroscopic data of the vapor and structural. data 
ot the solid. It will not be calcu1ated 1n th1.s 1nveat1sa-
t1on due· to the lack o'f data. 
'f) Free- Energ.y and Heat of Vaporizat,ion 
Free energy and heat of vaporization can be ca1culated 
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f'rom vapor pressure data. The rree energy change 1n a 
chemical reaction can be expressed as 
'1F° : -RTlnK 
where ~F0 is tha standard free energy change at the 
absolute temperature T, R is the gas constant per mole, 
and K is the equll:1brium constant. In the case of 
sublimation or evaporation, this equation becomes simply 
& 0 : -RT1XU-
where f is the tugacity or idea1 vapor pressure.. The 
fugacity equals the vapor pressure when the vapor behaves 
as a perfect gas. Usually the vapor pressure or metallic 
sulridea is rather low, thus the measured vapor pressure 
can be used instead or the fugacity. Thererore, '1F° 
will be computed from 
IJ.FO = -RT1np (22) 
By substituting equation (19) into equation (22) 
AF° = H0 - aT 1nT-fbT2 +-ti--Or-1 + IT -- ( 23) 
where MJ
0 
is the heat of vaporization at absolute 
zero, which is the same as L0 used in equation (16) 
to (19). By integrating equation (16), 
L - L + aT + }bT2 • crl ---------- ( 24) 
- 0 
or ~H - AH + aT ~ ibT2 + cT-1 ---------- ( 24a) 
- 0 -
Equations (23) and (24a) have been widely used for 
calculating the free energy change and heat of vaporizatkn 
or sublimation of any substance at any temperature T from 
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the vapor pressure and specific be at data. (42) 
(42) Kelley, K. K., op. cit. 
g) Variation of Vapor Pressure with Pressure 
At the same temperature, the change of the total 
pressure on the liquid or solid ti:J. s slight effect on its 
vapor pressure. The quantitative relation can be treated 
thermodynamically as follows. (43) 
(43) McDougall, F. H., Thermodynamics and Uhemistry, ailey 
and Sons, Inc. Bew York, 1939) p. 123. 
A system consisting of only one substance in two or 
tnore phases oan be called an orthobaric system, and the 
equilibrium pressure ?s, am. the specific volume are called 
Prthobario pressure and artbobaric specific volume respec-
~ively. In such a system, all phases are under the same 
[>:l'essure. '!'bus the ortbobaric vapor pressure of a liquid 
(or solid) at a given temperatu1~e is the pressure of the 
. rapor when both liquid ( or solid) and va 9or are under the 
same pressure. 
Let us suppose now that we introduce into a vessel 
~ontaining a substance A in liquid and vapor phases an 
lnert gas B which is inert to both phases of .A and also 
~soluble in the liquid. Let Pi be t be pressure on the 
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liquid, and P2 be the partial vapor pressure of A in the 
gas ptase when tbe temperature is T. Then P2 is evidently 
the vapor pressure of liquid A at temP3rature T when the 
pressure is P1 • It is clear that if the inert gas is re-
moved, both P1 and P 2 beoome equal to the arthobario vapor 
pressure P • 
s 
As usual, let F, V, and S, be the Gibbs• free energy, 
volume and entropy re sp:3 ctively, ala> let subaoripts l 
and 2 refer to the liquid A at temperature T and pressure 
P
1 
and the vapor A at temperature T and pressure P2 
respectively. For a reversible. process at equilibrium, 
Fl: F2 
and for a phase change at T -1- dT1 P1 .f. a.:e1 , and P2 +dP2 , 
tben, F1 + dFl - F2 + dF~ and dF1 = dF~ 
or, V1dP1 - s1dT: V2dP2 - S2dP2 
For isothernal change, we find 
V1 
dP2: ('2) dP1 ---------------- (25) 
Equation (25) tells us bow 'the vapor pressure P2 ~ 
a substance varies wi Ul the total pressure P1 on the 
liquid ( or solid). S1noe v1 (volume of the liquid or the 
... 
solid) is very small as com.IB.red with v2 (volume of the 
Tapor) it is clear from equation (25) that even a large 
inorease in pr es sure P1 on the liquid (or solid) will 
i-esult in only a snall imrease in its vapor pressure P2 • 
If we assume v1 is constant with a change of pressure 
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and that the vapor behaves as an ideal gas, then 
dP2 v, 
~: ~d.Pl -------------------- l26) 
Integrating at comta.nt tan.tarature T and bearing in 
mind that P2 : P 6 , wh an P 1 : P 8 , 1b en 
:P.- V 
Ln {Pa)= R~ (P1-P~~------------- (27) 
P2 V Ln (p, 2 ) - m (P1-P{) ----------- (27a) 
or 
in which P2 and P2 are vapor pressures of the substance 
when the pr es sure on the liquid (or solid) is P1 and Pi 
respectively. 
For a numerical example, suppose that u.nder 0.01 mm. 
mercury pressure the vapcr ir assure of a oertain sulfide 
is determine4, whose molar volume int be solid state is 
0 50 c. o., to be 0.001 mm. mercury, at 1000 K. Then its 
vapor pressure at 760 mm. n:e roury is mloula ted as follows: 
L ( p2) 50 (760 - 0.01) -- 6.10 x 10-4 
n 0.001 =(62364)(1000) 
P2 -4 Log <0 •001 ) : 2.65 x 10 
P2 : O.OOlll.0006) 
The change is only 0.06~, whiob is so sne.ll that it 
oan be neglected, for the experimental error in the vapor 
•-. 
pressure determination ·is much larger than this variation. 
~. Apparatus and Equipmnts 
The :turm.ce used in th is investigation was patterned 
on the one described by Kroll and Scbleobten (44) in their 
work on carbon and oxides in 'VB.ouum. 
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(44) Kroll, w. J., and Schlechten, A. w., Heactions of 
uarbon and Metals Oxides in a vacuwn, J. Eleotrocbem, 
Soc. vol. 93, (1948), p. 247. 
Photograph .No. 1 and Figure 2 show the general ar-
rangement and conm otions, along with a brief description 
of the various parts. 1'be furnace ( 9) is made of a 2t 
inch porcelain tube ( 11) heated with w1 ndings of Smith No. 
10 alloy re sistanoe wire. Tbe furnace is built with the 
heated zone on top in order that any gas product can be 
condensed downward and no refluxing can take place. 
1he par eels.in tube is sealed at its lower end into 
a metal head with Pyseal• The socket in which the tube 
fits is cooled by circulating water to keep the wax from 
melting. The lower end ar the head is closed by a cap {10) 1 
in wbiob there is a peep glass; by use of a mirror the 
interior of tbe furnace can be seen. 
Inside the porcelain tube, a composite graphite tube 
with four sections is inserted, 1ile top of this tube is 
closed so as to confine the gas J;rOducts and cause them 
to condense in the lower sections. ~here is a temperature 
gradient in the tube from tbe working temperature to a 
temperature not :tar above the room temperature in the fur-
riace cap. The sample is put in an alundum crucible wbiob 
la placed on a perforated grap bite plate loca tad between 
the first and second sections of the graphite tube. The 
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details o:f the construction and the arrangement for plac-
ing the crucible in the graphite tube are shown in .b1igure3. 
fhe temperature is measured w1 th a p1a tinum-platinum 
rhodium thermocouple (14) which is placed in the :furnace 
outside o:f the porcelain tube and near the crucible. ~be 
temperature is kept by a millivolt meter type pyrometer 
controller lCapacitrol) (18) within ±2 to ±100, depending 
upon the working temperature. i'he big her the working 
temperature, the closer the oontrol. la.n alwnel-ohromel 
~hermocouple {2) is placed near tbe platinum-platinum 
rhodium thermocouple and leads to a ~rown recording 
potentiometer (1) which 1s used to record the beating and 
cooling curve. 
A Tork Self-Starting lJlock \15) is placed in the 
temperature controller circuit, so th at the approximate 
heating time can be .i;r e-set; the exact temperature-time 
relation is re corded on the ~rown potentiometer. 
A powerstat l20), capacity 7.5 KYI., is used to adJust 
the Voltage to the :fur.mce. '..!:be .m te o:f beating o:f the 
furnace is adjusted by varying the setting of the powerstat. 
··be vacuum inside the porcelain tube is maintained 
by an oil diffusion pump \5) and a mechanical pump l4), 
and mEl:l.sured with a Pirani vacuum gauge (3) ll9). A 
vacuum valve (7) is placed between the diffusion pump am. 
the flexible copper tubing which leads to tb e furnace, in 
order to isolate the system in case of necessity. ~he 
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vacuum inside the system can be released by opening a stop 
cock \8) which is placed rear the connecting vacuum valve. 
Another furnace was used in tbe experiments on mercur 
ic sulfide and arsenic trisulfide. It resembles the one 
described above except toat a device is provided for 
li:fting the beating coils so as to cool the porcelain 
tube and the materials inside it in a sbort period. 
4. Experimental Procedure 
The purpose of this investigation, as mentioned be-
fore, was to determine the ra ta of evaporation or sublima-
tion of different me tallio sulfides at different tempera-
tures, :from which the corresponding vapor pressures could 
be calculated by equation (7) or l7a) with the assumption 
that the accommodation ooeffic ient is unity and the comp o-
si ti on of the vapor phase is the sane as that of the solid 
!)base. ~hus, there are three variations of operating 
conditions: -
l) Evaporating substance, 
2) Holding temperature, and 
3) Holding time. 
The other operating conditions such as the rate of 
heating, the rate of cooling, the vacuum inside the 
furnace, t be material of the oruoib le for holding the 
sample, etc. were kept as constant as possible. 
'l'he general operating procedure vvas as follows: 
l) The sample was prepared from fine powders of 
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chemically pure metallic sulfides. 
2) Each sample, o:f approximately the same weight, 
was carefully weighed and placed in an alundum crucible. 
The sample \VS.Stamped with a glass rod so as to form a com-
pact with a smooth and even sur:face. 
3) Tbe alundwn crucible was placed in the furnace 
am the cap placed on the lD3 tal bead. 
4) The meobanioal pump was started. After about 25 
to 30 minutes, the vacuum in t re furnace was about 40-50 
microns which is suitable as a forepressure for the 
dif:fusion pump. 
5) The diffusion pump and the cooling system were 
started. 
6) After 10 to 15 minutes, the vaouwn in the :furmce 
reached about 10 microns. ~he Capacitrol was set at the 
:lesired holding tem_p3rature and the .Brown potentiometer 
was balanced. 
7) The heating current (62 volts and 25 amperes) 
a.ad the jjrown potentiometer were started simultaneously. 
8) fhe Tork clock was set for a predetermined holding 
period at the predetermined temperature. 
9) The heating and oooling curves were recorded by 
the ~rown potentiometer and the vacuum in the furnace 
was read periodically as a check against possible leaks. 
10) After the f urm. oe bad o oole d down to 100 to 15000, 
~he diffusion pump and the Brown potentiometer were switched 
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off. 
11) The diffusion pump boiler was cooled down to room 
temperature by circula. ting water th rougb the copper tubing 
ound tbe boiler, then the ire cbanical pump was stopped. 
12) The vacuum in tbe furnace was released by opening 
stop cook. 
13) The furnace was opened and the sample removed. 
14) The residue was weighed and the condensate in the 
tube was collected. 
15) Tbe nature of the residue and· the condensate was 
xamined, chemical analyse~ or x~ra~ analyses were made when 
ecessary. 
• Discussion of Ex erimental .!factors 
a) Rate of Evaporation at Definite• emperature. 
•J.'be difference in weight of the sample before and 
ter heating includes the evaporation loss during the 
cycle of beating, holding at tbe constant temperature, 
d cooling. Expressed in a mathematical manner:-
W: Wb + W + WC 
Vv'here W, wh, w, and wc are the total evaporation loss, 
nl those during baa ting, holding, and cooling respectively 
f two experiments are carried out at same holding tempera-
ure for a different holding time, then:-
w = wh + w + w holding time - t C -
W'= w' + w•+ w' holding time - t' b 0 -
~be beating and cooling curves are reproducible, thus: 
W 
- w' h - h ' and WC - W
1 
- C 
G' ( gr am/ se c • ) = ( W - W' ) / ( t - t ' ) 
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llividing G' by the area of the evaporating surface, 
we obtain the rate of evaporation G in grams per unit area 
O:f the evaporating surface per second at the holding 
temperature. 
b) Evaporation Loss of the Crucible 
The evaporation loss of the sample was obtained by 
subtracting the combined weight of t m sample and the 
:,ruoible a.f'ter beating from that before heating. This 
~ncludes also the evaporation loss of the crucible, but 
.tis very snall and can be neglected. The rate of evapo-
r1ation of' the crucibles can be calculated from vapor pressm: 
La.ta by equation (5a). 1.l:hose for alumina and silica are 
,alculated from the following equations by extrapolating 
them to the solid state and assuming that the aocommodation 
coefficient is unity ain that the composition of the gas 






log P{atm.) : (-27320/T) + 8.415 --(28) 
Liquid--+- uas ((Si02 )x) (45) 
log P(atm.) = (-19130/T) ~ 7.65 ---(29) 
(45) Kelley, K. K., op. cit. pp. 16, 90. 
the results are listed in Table III far comparison. 
Table III Rate o:r Evaporation o:r Alumina and Silica 
( grams per square centimeter per second) 
Temp. lo~ P (mm) Rate of evaporation ( OK) Alumina Silica Alumina Siliaa 
500 -43.344 -27. 729 1.2ox10-45 3.aox10-3° 
600 
-34.237 -21.352 l.40x10-36 a.3ox10-24 
700 -27.726 -16.799 4.22x10-3° 2.74x10-l9 
800 -22.854 -13.381 2.76x10- 25 6.73x10-l5 
900 -19.059 -10.724 1.72x10-21 2.87x10-13 
1000 -16.024 - 8.599 1.78x10-18 3.64x10-11 
1100 -13.450 - 6.860 5.15x10-16 1.9ox10-9 
1200 -11.480 - 5.410 5.76x10-14 5.13x10-8 
1300 - 9.719 - 4.185 3.15x10-12 8.27x10-7 
1400 - 8.223 
- 3.133 9.47x10-11 8.97x10-6 
The alundum crucible was chosen for th:is investigation 
because of its lower vapor pressure. Graphite has even 
lower vapor pressure than alumina, but it may react with 
the sulfides and cause more complexities. 
Severa1 blank experiments were made for empty alundum 
crucibles, the loss of weight after heating at 906°0 for 
300 minutes, and at 1006°0 for 427 minutes under vacuum of 
8 m:1.crons can not be detected by the ordinary analytical 
balance (within± O.lmg.) which was used in this invest:1-
gation. This was :for an evaporating surface of 80 square 
centimeters, which was about twice as large as that used 
in the regular experiments. The tota1 loss of weight for 
heating up the same empty a1undum crucible from 80°0 to 
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1106°c, holding it at this temperature tor 330 minutes,and 
then cooling it to 8o0 c, all under vacuum of 8 microns, is 
only 0.5 milligram. If the theoretical weight is calculated 
from equation (28) and (5a), the following results are 
obtained:-
T = 1379°K 
logPmm: -8.515 • 9.485 
P • 3.06x10-9 mm. 
W = 4.89x10-11 grams per square cm. per sec. 
I.Das of weight at 1379°K for 330 minutes is equal to:-
(4.89x10-11)(330x60)(80)(1000): 0.079 milligrams, 
which is not far away from the experimental result for the 
small loss of weight. Furthermore-, equation (28) was deter-
mined for liquid alumina, and is itself rather discordant, 
as pointed out by Kelley< 46 ). 
(46) Ibid., p.16. 
From the above analysis, it appears resonable to dis-
regard the. loss of weight of the crucible 1n the subsequent 
experiments. 
c} Calibration of Temperature 
The temperature measured by the thermocouple is that 
outside the porce1a1n tube, therefore it may differ from 
that of the sample which was placed inside the graphite 
~ube. Experiments have shown that there is no difference of 
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~emperature if equilibrium is estab1ished; there does exist 
some time lag as shown in figure 4. The higher the tempera-
~ure, the shorter is the time lag. This can be explained 
by the fact that the energy required to raise the tempera-
ture is proportional to the difference of the temperature; 
rwhile the energy radiated to the sample is proportional 
to the difference of the fourth power o:f the temperature. 
The time lag has no effect, if the rate o:f evaporation at 
certain temperature is determined by the differential 
method as d:1.scussed in (a), and if the shortest holding 
~1me ia longer than the time 1ag for the corresponding 
temperature. 
The thermocouplea were calibrated with the :fixed 
temperature o~ the melting point of zinc., lead, and the 
boiling point of distilled water. 
d) Vacuum in the Furnace 
Although the effect of residual pressure in the 
:furnace on the vapor pressure of the sulfides is vecy 
slight, as discussed before, the vacuum 1n the :furnace 
still should be kept as high as possible for two reasons: 
tfirst, so that the residual gas is not dense enough to act 
as a re:f1ect1ng layer that would throw the evaporating 
molecules back to the surface on their first free pathC 47 >. 




Figure 4 Temperature Diff erence Between Tho s e meaeured 
Outside the Porcelain Tube and Ins ide the Graphite 1ube 
Curve B:- Temperature meas ured outs ide the porcela in tute by 
P t-- "P t-Rh thermocouple and recorded by. Capac i trol. 
Curve A:- Tempera ture meas ured ins id e the graphite tute by 
Alumel-Chromel thermocou p le and recorde d a utoma ti-
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Secondly, so that the residua1 air will not oxidize the 
su1fide surface, which would erfect the rate of evapora-
tion. 
The vacuum in the :furnace during the rollowing experi-
ment was from 8 to 14 microns; it& variation for each 
sulf1de was only 1 to 2 microns. 
As mentioned above, the rate of ~vaporation will be 
decreased with increasing pressure of the residual gas be-
cause of collision. This relation for 2-ethylhexyl phthalate 
or Octoil with the chemical formula C6H4(000) 2CcaH17)2 was 
investigated by H1ckman{4B) and discussed by Dusbman< 49 ). 
(48) Hickman, K.C., Hi~-Vacuum Short-Path Disti1lation, 
Chem. Rew., Vol. 34, (1944), p.76. 
~49) Dushman, s., op. cit. p.23. 
trh.e· oil with a molecular weight of 390.3 has a vapor presure 
)f 10 microns at 393°K. Its theoretical rate of evaporation 
0 W' in grams per square meter per second at 393 K can be 
calculated by equation (5a):-
W' • 583.3 Pmmjf = 5.83 
The experimental data for W' are 5.7, 5.2, 4.6, and 
B.8 when the residual pressure of the gas are 4, 7, 10, and 
~4 microns respectively. This implies that if the vapor 
~ressure of the oil at 393°K is determined by Langmuir's 
tnethod at the residual gas pressure of 4, 7, 10, and 15 
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microns, the results would be 2.2, 10.8, 21.1, and 34.8 
per cent respectively 1ower than the true va1ue. 
These exper1menta1 data can be used for estimating 
the probab1e error 1n this investigation due to the resi-
dual gas pressure by application of the kinetic theory of 
gases< 50) ( 51). 
( 50) Jeans, J., An Introduction to Kineti.9 'l'heory of Gases. 
Cambridge University Press, London, \1940), p.44. 
( 51) Kennard, E. H. , Kinetic Theory of Gases with an 
Introduction to Stat1st1ca1 Mechanics, McGraw-H111 
~ook Co. (1938), pp.102-113. 
The number o:r evaporating molecu1es which are driven 
back by collision is evidently proportional to the number 
of collision per unit time which 1.s cal1ed the co11is1on 
rate (9). The collision rate is :function of the temperature 
(T) which determines the mean velocity (v) of the colliding 
molecules, the residual pressure (P) which determines the 
density of the gas (n) 1n numbers per un1.t volume, and the 




where <i is the diameter o:r the mutual cross section for 
colliding molecules and is equal to the average diameter 
of the colliding molecules. -From the Maxwell-Boltzman dis-
tribution of velocities, the mean velocity v can be calcu-
~ated by equation (4), 
v -J 8RT 
- m.f 
s.o· 
For the same vapor pressure and residual gas pressure 
n is the same, therefore on1y v and (T will be compared. 
The molecular dimension of 2-ethylhexyl phtha.late or 
Octoil can be estimated from its structua1 formula as 
:follows. The molecular diameter o:f benzene has been 
determined as 7. 5·: A ( 52). The 1ength o:f the ethylhexy1 
(52) Jeans, J., op. cit. p. 183. 
and carbonyl radicals can be estimated :from the distance 
between di:f:ferent bonds -<53>, which would be around 
(53) Hammett, L. P., Physical Organic Chemistry, McGraw-
Hill Book Co. New York, (1940), p. 32. 
13.2cl. This value agrees with those measured by the 
X-ray method ( 54) and the :film method ( 5S) for aliphatic 
(54) Glasstone, s., Textbook o:f Physical Chemistry, D. 
Van Nostrand Co. Inc., New York, (1946) pp. 399-400. 
(55) Getman, F. H. and Daniels, F, outlines of Physical 
Chemistry, Longman Co. New York, (1941) p. 261. 
compounds of oils and long chain paraffine. There:fore 
the total length of Octo11 would be around 20.7'.;A. The 
cross sectional area of the aliphatic compounds should be 
independent of the number of the carbon atoms in the chain, 
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which was determined as 22 and 16 square i by the film 
method and the X-ray method respectively. In Octoi1, 
there are two hexyl-groups., thus the cross sectional area 
should be doubled; if the side chain of e.thyl-e;roups is 
inc1uded, the total cross sectional area would be around 
0 80 square A. 
The largest linear dimension of a metallic sulfides 
is around 5 to 6.5 i, for the atomic diameter of su1fur 
is around 2.5 i, and these of metals are between 2.5 to 
3.75 i except. for alkali meta1s and alka.l~ earths. 
The molecular diameter of· air was determined as 
3.74i( 56 ). 
(56) Jeans, J., op. cit. p. 183. 
Althous}l we cannot estimate the. molecular diameter 
with precision due to the fact that the shape is irregular 
and not a sphere as is assumed in the treatment by the 
kinetic theory of gases. It would be reasonable to believe 
that the diameter of the mutual cross section for Octoil-
Octoil molecules and Octoil-air molecules would be- at 
least three times of those of sulfide-sulfide molecules 
and sulfide-air molecules respectively. Therefore, the 
experimental error for metallic sulfides due to the slight-
ly higher residual gas pressure would be about one ninth 
of that for Octo11, if only <:r is considered. 
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On the other hand, the molecuJ.ar weights of the 
metal.lie sulfides are usually lower than that of Octoil, 
the former are around~ to i or the latter. The tempera-
ture used in this investigation is higher than 393°K, 
by a factor of 1.5 to 3.5 times. Therefore, the mean 
velocity of meta1lic sulfides at the temperature range 
of this investigation is around J3 to J14 or 1.73 to 
3.74 times that for Octoil at 393°K. 
Considering the effect of both the molecular diameter 
and the mean velocity, the experimental error of this 
investigation due to residual gs pressure would be from 
0.19 (.1.73/9) to o.42 (=3.74/9) times that for Octoil 
at 393°K. Therefore_ the maximum error would not be 
greater than 15 percent (=34.8% x0.4); the probable error 
due to this :factor would be from 5 to 10 percent. 
e) Evaporating Area 
Apparently, the surface from which evaporation occurs 
may be appreciably greater than that ,calculated from the 
geometrical dimensions of the surface. Wilkins (57) 
(57) Wilkins, F. J., Rate of Vaporization and Vapor 
Pressure, A Method of Measuring Specific Areas of 
a Surface. Nature, Vol. 125, (1930), p. 236. 
suggested that owing to small surface irregularities the 
effective area of the surface may be many times the assum-
ed area. However, he did not consider the effect of the 
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commodation coe:fficient. This e:ffect of surface ere-
ices has bean shown mathmatically by Melville (58) to 
a-ry with the accommodation coefficient and to have no 
Melville, H. W., A Note on Evaporation from Irregular 
surfaces, Trans. Faraday Soc. Vo1. 32, (1936), p.1017. 
:f:fect if' the accommodation coefficient is unity. If the 
ccommodation coefficient is not unity, the rate of 
vaporation is increased by a relatively small factor, 
.g., 1.3 :for an accommodation coe:fficient of 0.1. 
For powder samples, it is hard to obtain a perfectly 
orizontal surface ~rom which the evaporating sur:fa ce is 
Thus the effective evaporating area will be 
the calculated area by a factor of (1/CosA) 
here A is the inclination angle. The cosine of 5, 10, 15, 
nd 20 degrees are 0.996, 0.985, 0.966, and 0.940 res-
ectively, thus only few percentage or error is introduced 
this factor. 
The above theoretical analysis that the irregular 
r:face of a compact made from a powder will not greatly 
evaporation rate was checked by running some 
with copper powders; the results obtained 
greed with the data published by Marshall, Ix>rte, and 
:rorton ( 59 ) for solid pieces of copper. 
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(59) Marsha11, A. L., JX>rnte, R. W., and Norton, F. J., 
op. cit. p. 1164. 
Their procedure consisted of the determination of the loss 
o:f weight by evaporation :from copper rings of known sur-
face area when the rings were heated by a high frequency 
induction furnace in a high vacuum; the temperature 1n the 
furnace was measured by a disappearing filament type of 
optical pyrometer. 
The experimental data are listed in Table IV, and the 
calcu1ated rate of evaporation and vapor pressure along 
with Marshall's data are listed in Tab1e V for comparison. 
During the three experiments on the copper powder, hydroB:)n 
was flushed in to dilute the residual air and then evacuat-
ad; this procedure was to prevent the reaction of the 
residual air on the sample. 
After heating, the sample had shrunk to a cake form, 
1.80 cm. in diameter and 0.40 cm, in height. The same 
weight, 5.0000 grams, was used in each experiment, and 
the same form was obtained a:fter heat1Dg. Both top and 
s1.de surfaces were considered as evaporating surfac.es. 
Another. experiment was· IUn under the same exper:1menta.l 
conditions as those of Cu-1 except that no hydrogen was 
flushed in to dilute the residual. air; the loss of weight 
as 0.0115 gram. Thi.a showed that the small amount of 
ss 
~esidual air bas little effect, for the dif:ference was 
within the experimental error. The rate o:r oxidation of 
copper has been investigated by Pilling and Bedworth and 
cited by Iushman< 60 >. It obeys the so called parabolic 





where W denotes the increase o:f weight per unit area, t, 
time elapsed, and k is a constant. If Wis expressed as 
grams per square centimeter, and tin hours, k x 105 at 
800 and 1000°c is 3.14 and 60.2 respectively when the 
pressure o:r the oxygen is 710 mm. When the pressure of 
~xygen is reduced to 70 microns, k x 105 at 8oo0 c drops 
to 0.006. It can be easily seen that the oxidation of 
copper with a surface o:f about 5 square centimeters is very 
small when it is heated at 1000°c and at 2 microns pressure 
o:r oxygen :for 2 hours. 
Table IV Experimental Data :for Sublimation o:r Copper 
Run Temo. Vacuum Time Ar~a Loss o:r wt. 
No. (OC} micron min. cm grams 
Cu-1 1000 9 120 4.80 0.0100 
Cu-2 1000 9 292 4.80 0.0290 
Cu-3 1000 9 197 4.80 0.0215 
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Table V Volatilitv and Vanor Pressure of Conner 
Our Data Marshall's .r:ata 
T(°K) W X 106 Pxl08 T(°K) W X 106 Pxl08 
g. /sq. cm. - sec • g./ sq.cm .-sec. atm. atm. 
1273 0.383 3.87 1268 0.52 5.24 
1273 0.334 3.38 1269 0.35 3.53 
1273 0.399 4.04 1271 0.54 5.44 
:r) Dissociation of Sulfides 
When metallic sulfides are heated in vacuum below 
their melting point, they will be either sublimed or 
iissociated; ir heated above their melting point, they 
will be e:ither vaporized or dissociated. The energy 
required :for these processes evidently will be- the :factor 
todetermine which one predominates. This means that the 
free energy of dissociation and that of sublimation ( or 
vanorization) can be used to predict which process will 
predominate. These energies can be expressed in terms of 
their dissociation pressure and their vapor pressure by the 
tallowing relation:-
8F0 = -RTlnP 
From these pressure data, we can calculate the loss 
o:r weights by aqua tion ( 7) 
P - 17.14 G ~ 
mm - J M 
Thus the measured rate of sublimation ( or vaporization) 
~ay be composed of two parts o:r di:f:ferent magnitude: the 
loss of sulfide molecules due to sublimation ( or vapor-
lzation), or the loss of sul:fur molecules due to dissocia-
51 
t1on. The -latmr can be calculated from the known dissocia-
tion pressure data -at dif~erent temperatures and it can 
then be compared with the measured rate of sublimation 
(or vaporization) to see whether it_can be neg1ected or 
not. This is a simplified treatment, for dissociation is 
a more complicated process than sublimation or vapor-
ization. Once the surface layer of" the sulfide has been 
dissociated, the dissociated products, usually the metal, 
remain on the surface and retard the escape of the sulfur 
molecules from the lower layers, then-diffusion will play 
the , 1mportant role in determining the rate of' dissociation. 
!The nature of the distillate and the residue can be examin-
ad to check the above simplified calculations. 
g) Hydrolysis of Sullides 
Some sulfides are unstable in air due to the attack 
bf moisture. Silicon_ su~ide is .easily hydr.olized with 
the formation of' silica and the evolution of hydrogen 
sulfide. Alkali sulfides are hygroscopic and can be 
nydrolized also. The- sulfides of magnesium _and alkali 
~arths are almost completely decomposed by water with the 
!formation of hydroxides and hydrosulfides-~ {6l) There-
{61) Ephraim, F., Inorganic Chemie.try, English Edition by 
Thorne, P. C. L. and Roberts; E. P. Published by 
Gurney and Jackson, London, (1948) p. 858. 
tf'ore, it is very difficult to determine the vapor pressure 
or volat111.ty o:r such sulfides. However, a few experi-
ments wre run on such sulfides to .obtain some qua11tat1.ve 
1.dea regarding thej.r vo1at111t1ea which.w11i be help:tul. 
1n the vacuum met,allurgy of metal.lie su1:f1des. 
h) Conc1us1ona 
The vapor pressure and volat111ty o:r those- sult1.des 
which are stab1e as to d1ssoc1aUon and a.ttack from moist-
. . ure can be determined by the met,hods of this investig&L-1.on. 
The rate of evaporat1.on .at a cer..t,aJ.n temperature can be 
obtained l>y d1v1.d1ng the difference bl .the 1oss o:r we:1.ghts 
between two experiments at this temperature for different 
periods, by the dilfererice of the length o~ these two 
periods. The temperature- measur1ng ·· devices were cal1.-
brated against known temperature-a. and~ the time 1ag due 
to the transm1.ssion o:r heat was a1so consj.der.ed:. The 1ose 
of weight of the a1undum.cruc1.ble was.ca1cu1ated and 
measured and it was shown that 1.t can be neglected. 
The- two uncertain factors 1n the determ1.na~1ons~are 
the- slight high.er residual. pressure and the evaporating 
area. The former may cause the resu1ts to be around 5 to 
10 percent lower than the·true va1ue; and the 1atter may 
give resu1ts about 5 percent higher than :t,he tiue va1ue 
1.f the accommoda:tion coef:t1c1ent is unity:, otherwise- i.t 
will be more than 5 percent·. In the 1aat section 1 t was 
shown tha.t, there is very good reason to believe that . the 
ccommod&tion coef:ficient is near unity for the substances 
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studied 1n t~ investigation. Thu.a.these· two uncertain 
factora may eompensate to some extent. 
The experimental resu1ts .:tor the detennination of 
the vapor pressure of copper on a fine powder samp1e agree 
with the published data using a solid sample. 
6) Exner1menta1 Results and D1scusa1on 
al ExPeriments on ZnS 
1) Exper1mental . Da..ta 
The experimental data for ZnS are listed 1n Table VI. 
Table VI SUbl1mat1on tata for ZnS 
Run Ko. Vacuum Temp. Time Area Loss 
(micron) (00) (sec.) ( sq. cm.) (gram) 
ZnS-25 13.0 704 12900 5.52 0.0387 
ZnB-26 12.5 704 3900 5.52 0.0338 
ZnS-20 12.5 804 1560 5.52 0.0375 
ZnS-15 12.:, 804 5520 5.52 0.1483 
ZnB-19 12.5 804 17340 5.52 0.'2294 
ZnS-18 12.5 904 3360 5.52 0.4050 
ZnS-14 12.0 904 14580 5.52 1.8915 
ZnS-21 12.5 904 20760 5.52 2.8313 
ZnS-24 12.5 1006 300 5.52 1.2920 
zns-23 11.3 1006 2520 5.52 3.8280 
11) Volatility and Vapor Pressure ot ZnS 
The rate of sublimation and the vapor pressure are 
oal.cu1ated by assuming that zinc sulfide sublimes as ZnS 
ino1eculee and that the accommoda-t1on coefficient 1s unity, 
the results are listed 1n Table V%%. 
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Tab1e VII Volati1j.tl and Va122r Pressure- of ZnS 
Run No. T(°K) lVolatility)x(lo6 ~ 
gram/sec.-sq.cm. LosPmm 
ZnS-25-26 977 0.09871 -5.271 
ZnS-15-19 1077 2.271 -3.887 
ZnS-19-20 1077 2.205 -3.901 
ZnS-15-19 1077 1.996 -3.944 
ZnS-18-21 ·1177 25.28 -2.822 
ZnS-14-21 1177 27.57 -2.784 
ZnS-14-18 1177 24.02 -2.844 
ZnS-23-24 1279 207.1 -1.890 
When LosPmm is plot,t,ed against 1/T, the resulting 
plot is a straisht 11ne (Figurel). The equation of the 
11ne when calculated is as follows:-
Log Pmm: -13981/T ~ 8.979 ------------ (32) 
111) Dissociation of ZnS 
The dissociation pressure formula tor ZnS is given 
by Sm1the11s ( 62) as follows:-
(61) Snithells, c. J., Metals Reference· Book, Interscience 
Publ1.shers Inc., New York, (1949), p. 454. 
ZnS(s) = Zn(s) + t52 Cs) 
Log P8 (mm) = -25900/T + 12.03 (290-370°0) 2 
The dissociation pressure and the dissociation rate 
are calcu1ated by extrapolating the temperature range 










(gram/sec.- sq. cm. ) 
4.95 X 10-~! 
1.70 X 10-12 1.44 X 10:11 
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The dissociation rate thus ca1cu1ated is very small 
as compared t,o the measured volaU11ty. The dissociation 
may take place according to the fo11ow1ng chemical 
equation:-
ZnS(s) • Zn(g) + !S2(g) 
This Possibility has been discussed by Lumsden <62>. 
(62) Discussion ot the Faraday Seo., The Physica1 Chemist.?7 
of Process Meta11urgy, Gurney and Jackson, London, 
(1948) p. 239. 
From the figure for the heat of :formation at room tempera-
ture determined by Kapustinsky and Kroshunov for spha1erite 
Zn( s) + S( rhomb.) = ZnS( s) AH298 : -48420 cal. 
together with entropy and specific heat data. he found 
the following free energy equation for the decomposition 
of zinc sul.f1.de at 1270°K, 
ZnS(s) = Zn(g) + ts2(g) 
~Hi270 : 91580 cal.; and ~5i.270 = 46.98 cal./deg. 
Putting in the condition that the partial pressure of the 
sulphur is half that of the zinc, the :following equation 
is then found for the apparen~ vapor pressure of zinc 
sulfide due to this decomposition 1n the region near 1270° 
Log Pmm= -13390/T + 9.795 
On this basis Lumsden stated that the observed vapor 
pressure of zinc sulfide must be due chiefly to this 
decomposition rather than to zinc sulfide mo1ecuies in 
the vapor phase. 
In a recent private communication, ( 63) Lumsden 
(63) Lumsden, J., Private Communication to Dr. A. W. 
Schlechten, dated Jan. 3rd, 1950. 
doubted the heat of formation of spha1erite as given above 
and recalculated it from the spectroscopic data by Sen-
(64) Gupta , then he conc1uded that the vapor consists 
(64) Sen-Gupta, P. K., Absorption Spectra of ZnS,CdS,& HgS 
Proc. Roy. Soc. A143, (1934), pp. 438-454. 
chiefly of molecular zinc sulfide. 
The sublimate from the experiments in this investi-
gation has been investigated by X-ray diffraction methods 
and found to be pure zinc sulfide. It is difficult to 
believe that a11 of the dissociated zinc and sulfur will 
recombine at the colder portion of the condenser to form 
zinc sulfide. Therefore, from the nature of the dis-
tillate in this investigation and from the spectroscopic 
evidence, it is concluded that the vapor consists chiefly 
bf molecular zinc sulfide, despite the discrepancy of 
some of the thermodynamj.c data. 
iv) Free Energy and Heat of Sublimation for ZnS 
The f'ree energy and heat of sublimation for ZnS are 
~a1culated as fo11ows:-
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(65) Kelley, K. K., Contribution to the Data on Theoretical 
Metallurgy, X. High-Temperature Heat-Contents, Heat-
Capacity, and Entropy Data tor Inorganic Compounds, 
u.s.B.M. Bull, No. 476 (1949), p. 204. 
Op(gas): 9 
The speoitic heat of ZnS gas has not been measured, 
the value 9 is estimated from the assumption that the 
diatomic molecu1e ZnS is composed of two atoms bound 
r1gid1y together forming a so cal1ed "dumbbe11 8 molecule, 
which possesses 3 degrees ot freedom 1n translation, 2 in 
rotation, and 2 1n vibration, thus <66 ) 
0 (gas)= iR(3 + 2 + 2): (7/2)R 
V 
Op(gas) : R + (7/2)R : (9/2)R: 9 
(66) R1chtmyer, F. K. and Kennard, E. H., op. cit. p.441. 
This approximation was also used by Kelly tor the 
calculation ot free energy and heat ot vaporization tor 
" different diatomic substances, such as NaCl, Br2 , CdO, 
I 2 , PbS, KCl, AgC1, TlBr, TlCl, and TlI. 
(67) 
(67) Kelley, K. K., op. cit. u.s.B.M. Bull, No. 383, fl935) 
pp. 4, 27, 28, 56, 61, 86, 95, 103, 104, and 105. 
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Then, 
Acp = Cp(g) - Cp(s): -3.16 - 1.24x10-3T + 1.36xl.CPT""2 
The }:-va1ues are calculated and the results are 1ist-
ed in Tab1e VIII. 
Tab1e VIII Free Energy of Sublimation Data for ZnS 
I: -RlnP - 3.16lnT - o.62x10-3T -t- o.68x105T- 2 
: -4.575 1ogP -7 .268 1QgT-0.62x10-3T +0.68x105T- 2 
- (1) 
t log P (I) 













+ (II) + (III) -1-
( II) ( III) ( IV) 2': 
-21.731 -.606 .071 15.029 
-22.038 -.668 .059 8.317 
-22.038 -.668 .059 8.381 
-22.038 -.668 .059 8.587 
-22.318 -.730 .049 3.092 
-22.318 







57 .73] -~631 
57. 73l -54.813 
904 -5.725 -26.192 -22.318 --730 .049 3.193 57.73J-5i.538 
1006 -4.771 -21.827 -22.581 -.793 .042 -1.505 53.126-54.633 
Average value - - - - - - - - - - - - - - - - - - --54.64 
If the Z-values are plotted against the reciprocal of 
the absolute temperature, 1/T, (Figure~' they fa11 on 
a straight line whose slope AH0 is found,to be 67950. 
The constant I is obtained by subtracting AH0 /T from~. 
The average va1ue of I is found to be -54.64 with a proe-
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The results may be summarized as :rollows:-
ZnS (solid)- > ZnS (gas) 
cp (gas) = 9 
C ( solid) : 12.16 + l..~24x1o-3T - 1.36xl.o5r2 p 
~c - -3.l.6 - 1.24xio-3T f 1.36x105~2 p-
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AH = 67950 - 3.16T - o.62x10-3T2 + 1.36x105T-1---- (33) 




~~OOO: 64826, which agrees with 64000 as estimated 
by Lumdsen ( 68 ) • 
(68) Lumdsen, J., op. cit. 
b) Exueriments on~CdS 
1) Experimental IB.ta~ 
The experimental~data for CdS are listed in Table IX. 
Table IX Sublimation Data . for CdS 
Run No. Vacuum Temu. Time Area Loss 
(micron) ( 0 _c) (sec.) (sq.cm.) (gram) 
CdS-1 12.4 704 13980 8.31 1.9925 
CdS-2 11.2 704 1200 8.31 0.3426 
CdS-3 11.3 704~ 6780 8.31 1.0588 
CdS-4 11.0 604 3780 10.93 0.1250 
CdS-5 11.2 604 16020 10.93 0.2485 
CdS-6 11.3 604 7200 10.93 0.1613 
CdS-7 11.8 503 6300 22.27 0.0578 
CdS-8 12.0 503 16260 22.27 0.0639 
:ti) Vol.atil t~ and Vanor Pressure of CdS 
The rate of sublimation and the vapor pressure are 
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calculated by assuming that cadmium sulfide sublimes as 
CdS molecules and that the accommodation coe~ficient is 
unity, the results are listed in Table x. 
Table X Volatility and Vapor Pressure of CdS 






























If LogPmm is plotted against 1/T, the resulting plot 
is a s~raight line (Figure 6). Its equation=of the line is 
as fo11ows:-
Log Pmm = -10500/T + 7.572 ------------ (35) 
111) Dissociation of CdS 
The dissociation pressure formula for CdS can be 
calculated from the ~ree energy data ( 69)as fo1lows:-
2CdS(s) = 2Cd(s) + 2S(rh) ------------------- (a) 
~~: 70300 + 17.78T logT - 7.aox10-3T2 - 52.80T 
2S(rh.): s2(g) ----------------------------- (b) 
~~ = 31360 - 1.36 T logT + 5.aox10·3T2 -38.62T 
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(a)+ (b) 2CdS (s): 2Cd(s) + S2 (g) 
~F0 = 101660 + 16.42TlogT - 2.ooxio-3~ -91.42T 
Therefore, 
Log P52 (atm): -22222/T - 3-589LogT + o.437x10-3T~l9.98 
The dissociation pressure and dissociation rate are cal-
culated, and the resu1ts are listed as fo11owa:-
T (°K) ~gP~ (mm) Dissociation Rate 
(gram/sec.-siacm.) 
776 -15.81 2.60 X 10-
877 -12.68 3.30 X lo-l5 
977 -10.22 9.00 X lo-l3 
The dissociation rate is very small as compared to 
the measured volatility. No free sulfur and cadmium meta1 
have been found in the colder portion of the condenser. 
Therefore, it is concluded that the vapor consists chj.efly 
of molecular cadmium sulfide. 
iv) Free Energy: and Heat of Sublimation for CdS 
The free energy and heat of sublimation for CdS are 
calculated as fol1ows:-
CP(sol1d): 12.9 + o.9ox10-3T (from Kelly) 
CP(gas) : 9 (estimated) 
ACP: Cp(g) - Cp(s): -3.9 - o.9ox10-3T 
The !-values are calculated and the results are 
listed in Table XI. 
t 
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Tabl.e XI Free Energ.y of Sub1imation Data for CdS 
}: = -RJ.nP - J.9lnT - o.45x10-3T 
: -4.5751ogP - 8.971ogT - o.45x10-3T 
: (I) + (II) + (III) 
(III) I log P (I) (II) i .AH /T (00) (atm) 0 
503 -8.843 40.456 -25.922 -0.349 14.185 67.254 -53.039 
604 -7.268 33.251 -26.399 -0.395 6.457 59.509 -53.052 
604 -7.291 33.356 -26.399 -0.395 6.562 59.509 -52.947 
604 
-7 .299 33.392 -26.399 -0.395 6.598 59.509 -52.911 
704 -6.040 Z7.633 -26.827 -0.441 0.365 53.309 -52.944 
704 -6.042 27.642 -26.827 -0.441 0.374 53.309 -52.935 
704 -6.037 27.620 -26.827 -0.441 0.352 53.309 -52.957 
Average Value - - - - - - - - - - - - - - - - - -52.97 
If the !-values are plotted against the reciprocal 
of the absolute temperature, 1/T, {Figure 7), they fall 
on a straight 11ne whose slope LUI0 is found to be 52189. 
The constant I is obtained by subtracting AH0 /T from Z. 
The average value of I is found to be -52.97 with a 
probable error of O .04. 
The results may be summarized as follows:-
CdS ( solid) --..,> CdS {gas) 
op (gas) : 9 
c {solid) - 12.9 - o.9ox10-3T 
p -
ACP = -3.9 - o.9ox10-3T 
AH = 52189 - 3.9T - 0.45x10-3T2-------------{36) 
AF0 = 52189 + 3.9TlnT + o .45xlo-3T - 52.97T--{ 37) 
AH298 = 50987 
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1/T for CdS 
1.1 1.0 0.9 
1/T x 103 (OK) 
c) Experiments on HgS 
1) Exnerimenta1 Data 
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The experimental Data for HgS are listed in Table XII. 
Tab1e-XII SUb11mation Data ~or HgS 
Run No. Vacuum Temp. Time Area Loss 
(micron) (OC) (sec.) {sq.cm.) (gram) 
HgS-5 12 230 1800 3.74 0.0035 
HgS-7 12 230 4800 3.74 0.0207 
HgS-6 12 230 9000 3.74 0.0445 
HgS-4 12 280 1200 3.74 0.0045 
HgS-3 12 280 4260 3.74 0.1540 
HgS-2 12 280 8400 3.74 0.3403 
HgS-8 12 330 1200 3.74 0.0385 
HgS-9 12 330 4200 3.74 1.1185 
1:1) Vo1atilit~ and Vanor Pressure of H5S 
The rate of sublimation and the vapor pressure are 
a1culated by assuming that mercuric sulfide sub11mes as 
gS mo1ecu1es and that the accommodation coefficient is 
ity, the resuJ.ts are 11sted in Tab1e XIII. 
Tab1e XIII Vo1at111ti and VaEor Pressure of HsS 
Run No. T(°K) (Vo1at111ty)x(106~ LogPmm (gram/sec.-sq.cm. 
HgS-5-7 503 1.532 -4.414 
HgS-5-6 503 1.522 -4.416 
HgS-6-7 503 1.514 -4.418 
HgS-4-3 553 13.06 -3.462 
HgS-4-2 553 12.47 -3.482 
HgS-2-3 553 12.03 -3.498 
HgS-8-9 603 96.22 -2.576 
If LogPmm is p1otted against 1/T, the resu1ting p1ot 
s a straight line (Figure 8). Its equation is as fo11ows: 
Log P - -5586/T + 6.669 ------------- (38) mm -
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111) Di.ssociat~on of HgS 
According to A11en and Crenshaw< 70), the vapor 
pressure of mercuric su1fide reaches one atmosphere at 
(70) A11en, E.T. and Crenshaw, J. L., The Su1f1des of 
Zinc, Cadmium, and Mercury, Their Crystalline Forms 
and Genetic Conditions, Am. J. Science, (4) Vo1.34 
(1912), p.377. 
sao0 c, and the compound 1s stab1e over the who1e range up 
to the vo1a.t111zation point. In this investigation, no free 
su1fur and mercury have been i'ound :1n the co1der portion 
of the condenser. Therefore, it 1s assumed that there 1s 
very 11tt1e dissociation 1n the temperature range used 1n 
this 1nvestif3at1on. 
iv) Free Energ,y and Heat of Sub11mat1on for HgS 
No &xper1menta1 data for the specific heat of 
so11d and gaseous mercuric sulfide are ava11ab1e, however, 
rthe est1.mated values by Ke11eyC 71 ) are chosen for the 
(71) Ke1ley, K. K., op. cit. u.s.B.M. Bu11. 476 (1949) 
p.210. 
fo11ow1ng calcu1at1ons. 
Cp (g) = 9 
Op (s) = 10.9 + 3.65x10-3T 
~Cp = cp(s) - Cp(s) • -1.9 - 3.65x10-3T 
The X-va1ues are calcu1ated and 11.stad in table XIV. 
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If the Z-values are plotted against the reciprocal of" 
absolute temperature, 1/T, (Figure 9), they fa11 on a 
straight line whose slope ~Ho is found to be 27239. The 
constant I is obtained by subtracting JH0 /T from I . The 
verage value of I 1s found to be -33.34 with a probable 
error of 0.15. 
t 
Table XIV Free Energy of SUblimation Data for HgS 
,Z = -RlnP - 1.91nT - l.825x10-3T 
= -4.575 logP - 4.37 logT - l.825xlo-3T 
= (I) + (II) r (III) 
(OC) log P (atm) (I) (II) ~III) :z ,H0 /T I 
230 
-7.297 33.383 -11.806 -0.918 20.659 54.152 -33.493 
230 -7.299 33.385 -11.806 :..0.918 20.661 54.152 -33.491 
230 -7.295 33.375 -11.806 -0.918 20.651 54.152 -33.491 
280 
-6.363 29.110 -11.986 -1.009 16.11: 49.258 -33.143 
280 
-6.379 29.184 -11.986 -1.009 l6.18S 49.258 -33.069 
280 
-6.343 29 .019 -11.986 -1.009 16 .02LJ 49.258 -33.234 
330 -5.457 24.966 -12.150 -1.107 11.71:: 45.172 -33.457 
Average--------------------------------------- -33.34 
The results may be summarized as follows:-
HgS ( solid) 
Cp (gas)= 9 
HgS (gas) 
Cp (solid)= 10.9 ~ 3.65x10-3T 
~Cp = -1.9 - 3.65x10-3T 
AH = 27239 •l.9T ~ l.825xlo-3T2 ----------------(39) 
~FO = 27239 +l.9TlnT + l.825xlo-3T2 - 33.34T ----(40) 
.c:1H298 • 26510 
M 0 298 = 20700 
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d) Experiments on MnS 
1) Experimental Data 
The exper1menta1 data for MnS are 1isted in Tab1a XV. 
Table xv~ Sub11mat1on Data for :MnS 
Run No. Vacuum 'l'em1. Time Area Loss (micron) ( 0 0 (sec.) (sq.cm.) (gram) 
KnS-L3 11.0_ 904 660 3.74 0.0003 
MnS- 4 15.0 904 6000 3.74 0.0008 
MnS-11 13.0 904 12000 3.74 0.0014 
MnS-20 12.5 904 19580 3.74 0.0018 
MnS-14 12.5 1006 1200 3.74 0.0045 
MnS- 3 20.0 1006 6000 3.74 0.0073 
MnS-12 13.0 1006 12180 3.74 0.0100 
MnS- 2 15.0 1106 0 3.74. 0.0064 
MnS-15 12.0 1106 2700 3.74 0.0138 
MnS-18 12.0 1106 6960 3.74 0.0245 
MnS- 8 14.0 1106 7200 3.74 0.0245 
MnS-16 12.0 1106 12000 3.74 0.0371 
11) Volatility and Vapor Pressure of MnS 
The rate of sublimation a.nd the-vapor pressure are 
calcu1ated by assuming that manganese sulfide sublimes as 
MnS mo1ecu1es and that the accommodation coefficient is 
unity, the results are liated 1n Table XVa. 













































If LosPmm is plotted against 1/T, the resulting plot 
is a straight 1ine (Figure 10). Its equation is ca1cu1ated 
~s :ro1lows:-
Log Pmm = -11937/T ~ 4.633 ---------------(41) 
111) Dissociation of MnS 
The dissociation pressure formula for Mn.S was given 
by Smithel1s(72 ) as follows:-
¥mS ( s) = MnS -'9 fS2 
Log P52 (mm)= -25974~/T + 12.03 (860-1000°c) 
(72) -Smithells, c. J., op. cit. p.453. 
The dissociation pressure and dissociation rate are 
calculated as follows:-
T (OK) LosP52 (mm) Dissociation Rate (gram/sec.-sq.cm.) 
1177 -10.037 1.25 X 10-13 
1279 
- 8.278 6.89 X 10-ll 
1379 - 6.805 1.97 X 10-9 
The dissociation rate is smal1 as compared to the 
measured volatility, therefore, i~-is assumed that there is 
nesJ.1gible amount of dissociation in the temperature range 
used in-this investigation. 
iv) Free Energ.y and Heat of 8ubl1mat1on .. for MnS __ 
No exper1menta1 data ~or the speeific heat o~ solid 
and gaseous manganese sulfide is ava11able, however, the 
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Figure 10 LogP v .s. 1/T for MnS Fieure tt 2 v. s. 1/T for MnS 
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estimated values by Kelly(73) are chosen for the :ro11owing 
calcu1a tions. 
(73) Kelley, K.K., op. cit. u.s.B.M. Bull. 476(1949) p.209. 
Cp (g) : 9 
cP (s) = 11.55 ~ 1.3ox10-3T 
6Cp = C (g) - C (s) = -2.55 - 1.3ox10-3T p p 
The Z-values are calculated and the results are listed 
in Tab1e XVI. 
Table XVI Free- Energy: of' Subluna.tion Data .for -MnS 
Z = -R1nPatm - 2.55 lnT - 0.65xl0-3T 
t 











= -4.575logP - 5.865logT - 0.65xl0-3T 
- (I) .f. (II) _,. (III) 
log P {I) 
(atm) 
(II) (III) I 
-8.669 39.661 -18.010 -0.765 20.886 50.053 -29.167 
-8.683 39.724 -18.010 -0.765 20.949 50.053 -29.104 
-8.708 39.839 -18.010 -0.765 21.064 50.053 -28.989 
-7.872 36.015 -18.222 -0.83116.962 46.062 -29.100 
~7..938 36.317 -18.222 -0.83117.264 46.062 -28.798 
-7.997 36.840 -18.222 -0.83116.787 46.062 -29-275 
-7.208 32.976 -18.414 -0.896 13.666 42.722 -29.056 
-7.182 32.857 -18.414 -0.896 13.547 42.722 -29.175 
-7.212 32.995 -18.414 -0.896 13.685 42.722 -29.037 
-7.205 32.962 -18.414 -0.896 13.652 42.722 -29.070 
Average value - - - - - - - - - - - - - - - -29.08 
If the }:-values are plotted against the rec1proca1 01.' 
lthe absolute temperature, 1/T, (Figure 11) they fall on a 
atraisht line whose slope is_:found to be 58913. The consta;it 
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I is obtained by subtracting AI{/T from Z. The average 
va1ue of I is found to be -54.64 with a probable error 
0.07. 
The resu1ts :ror the sublimation o:r MnS may be 
summarized as fo11ows:-
MnS (solid) --~> MnS (gas) 
cp (gas) : 9 
cp (solid) - 11.55 + 1.3ox10-3T 
AcP = -2.55 - 1.3ox10-3T 
bH: 58913 - 2.55T - 0.65x10-3T2-----------~(42) 
lsF0 : 58913 r 2.55T1nT r o.65x10-3T2-29.08T--(43) 
AH298 : 5809 5 
AF~8 : 55629 
e) Exneriments on SnS 
i) Exuerimenta1 Data 
The experimenta1 data for SnS are listed :tn Table XVII 
Table XV.II Sublimation Data for SnS 
Vacuum Temp. Time Area Loss 
Run No. (m:tcron) (00) (sec.) (sq.cm.) (gram) 
SnS-10 10.5 503 330 3.74 0.0035 
SnS- 8 11.0 503 2220 3.74 0.0185 
SnS- 4 11.0 503 2940 3.74 0.0240 
SnS- 5 11.0 503 3000 3.74 0.0260 
SnS- 9 10.5 503 3900 3.74 0.0315 
SnS- 3 11.0 604 2220 3.74 0.2890 
SnS- 6 11.0 604 4080 3.74 o.4682 
SnS-15 10.5 604 8880 3.74 1.1220 
SnS- 7 10.5 604 13800 3.74 1.8375 
SnS-11 10.5 704 1920 3.74 3.6467 
SnS-14 11..0 704 3210 3.74 5.0180 
SnS-13 10.5 704 4500 3.74 6.7110 
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11) Volatility and -Vapor Pressure of SnS 
The rate of sub11mat1on and the vapor pressure are 
ca1culated by assuming that stannous sulfide sublimes as 
SnS mo1ecu1.es and that the accommodation coefficient is 
unity, the results are listed in Table XVIII. 
Table XVIII Volatility and Vanor Pressure of SnS 
(Vo1ati11ty)x(l06) 
Run No. T(°K) (gram/sec.-sq.cm.) LogPmm 
SnS- 4-10 776 2.099 -4.088 
SnS- 5-10 776 2.252 -4.058 
SnS- 8-10 776 2.121 -4.084 
SnS- 9-10 776 2.096 -4.089 
ens- B- 9 776 2.068 -4.095 
SnS- 7-15 877 38.86 -2.794 
SnS- 7- 6 877 37.65 -2.808 
SnS- 3- 7 877 35.74 -2.831 
SnS- 6-15 877 36.40 -2.823 
SnS- 3-15 877 33.43 -2.859 
SnS-11-13 977 317.4 -1.858 
SnS-13-14 977 350.7 -1.815 
SnS-11-14 977 284.1 -1.906 
When LogP is plotted against 1/T, the resulting 
mm 
pl.at is a straight line ( Figure 12). Its equation is 
as follows:-
Log P - -8380/T + 6.728 ------------- (44) mm -
111) Dissociation of SnS 
The dissociation pressure formula tor SnS was given 
by Sn1thel1a (74) as follows:-
:74) Sm1thells, c. J., op. cit. p. 454. 
SnS ( a) - Sn( 1) + ts2 ( g) 
Log P8 {mm) : -15430/T + 11.0 (600-900°0) 2 
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The dissociation p~essure and dissociation rate are 
ca1culated as follows:-
T (Ok) Log Ps2 (mm) Dissociation Rate (gram/sec-sq.cm.) 
776 -8.89 2.16 X 10-11 
877 -6.59 4.05 X 10-9 
977 -4.76 2.59 X 10-7 
The dissociation rate is very sma11- as compared to 
the measured volatility, therefore~-it is.assumed that 
there . . is neg1ib1e dissociation in the- temperature range 
used 1n thi.s investigation. The absence of f'ree sulfur 
and tin in the colder portion o:r the condenser is an 
experimental. evidence of this_.assumption. 
iv) Free Energy and Heat o:r Sublimation _f'or SnS 
The s:peci.fic heat for both -so1id-.. and gaseous Sn.8 
have been determined experimenta11y and li~ted by Kel1eyC75) 
a.s f'ollows :-
(75) Kelley, K. K., op. cit. u.s.B.M. Bulla 476 (1949) p.18S 
oPCs) = a.83 + o.oaxio-3T - o.55x105~2 
C (s): 9.38-+ 7.40x10-3T p 
The .spec:1f1c .. heat: of'- gaseous ,SnS was derived from the 
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that the specific heat for diatomic mo1ecu1es at constant 
pressure is approximate1y 9 ca1. per gram-mole .which has 
been used for ZnS, CdS~ HgS, and MnS in previous cal-
cu1at.1ons. 
~C - Cp(g) - C (s) - -0.55-7.32x10-3T-0.55x105T2 p - p -
The Z-va1ues are ca1cu1ated and the resu1ts are 
listed in Table XIX. 
t (OC) 
~ 
Tab1e XIX Free Energy of Sub11mation Data for SnS 
~ = -RlnP - o.551nT - 3.66x10-3T - o.275x105T-2 
= -4.5751ogP - 1.2651ogT - 3.66x10-3T - o.275x105T-2 
- ( I) + (II) + (III) + (IV) -
1ogP (I) (II) (III) (IV) :z llH0 /T I (atm) 
-
503 -6.969 31.883 -3.656 -2.840 -.046 25.341 53.747 -28.222 
503 -6.939 31.745 -3.656 -2.840 -.046 25.203 53.747 -28.360 
503 -6.965 31.865 -3.656 -2.840 -.046 25.323 53.747 -28.240 
503 -6.970 31.888 -3.656 -2.840 -.046 25.346 53.747 -28.217 
503 -6.970 31.915 -3.656 -2.840 -.046 25.373 53.74-7 -28.190 
604 -5.675 25.964 -3.723 -3.210 -.036 18.995 47.561 -28.422 
604 -5.689 26.027 -3.723 -3.210 -.036 19.058 47.561 -28.359 
604 -5.712 26.132 -3-723 -3.210 -.036 19.163 47.561 -28.254 
604 -5.704 26.096 -3.723 -3.210 -.036 19.127 47.561 -28.290 
604 -5-740 26.260 -3.723 -3.210 -.036 19.291 47.561 -28.126 
704 -4.739 21.681 -3.783 -3-583 -.029 14.286 42.604 -28.202 
704 -4.696 21.484 -3.783 -3.583 -.029 14.089 42.604 -28.399 
704 -4.787 21.900 -3-783 -3.583 -.029 14.505 42.604 -27-983 
Average - - - - - - - - - - - - - - - - - - - - - -28.25 
If the .%-values are plotted against the reciprocal of 
absolute temperature, 1/T, (Figure 13), they fall on a 
straight 11ne whose s1ope Affo is found to be 41711. The 
constant I is obtained by subtracting AHc,/T from Z. The 
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average v.a1ue of I was fowid to be -28.25 with a probable 
error of 0.03. 
The resu1ts may be summarized. as follows:-
SnS ( so11.d) SnS ( gas) 
cP(g) = a.a3 + o.oaxio-3T - o.55x105T92 
cP(s) = 9.38 + 7.40x10~3T 
jcP = -0.55 - 7.32x10-3T - o.55x105ir-2 
JH: 41711 - 0.55T - 3.66x10-3T2 4 0.55x105T-1----(45) 
F0 = 41711 f 0.55T1nT f3.66x10-3-r2-f-0.275xl05r2-28.25T ( 46) 
~H29a : 41305 
AF~a = 34469 
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f) Experiments -on PbS 
i) Exper.imenta1 ..Data_ 
The, exper1menta1 data .for PbS is 11sted in Tab1e XX. 
Tab1e XX. .Sub11mat1on Data for PbS 
Run No. Vacuum Temp. Time Area Loss (micron) (OC) ( s~c.) (sq.cm.) (gram) 
PbS-36 8.o 503 7800 3.74 0.0020 
PbS-35 8.0 503 13800 3.74 0.0040 
PbS-41 7.8 553 3180 3.74 0.0070 
PbS-40 8.0 553 6240 3.74 0.0120 
PbS-37- 8.o 553 15000 3.74 0.2330 
PbS-38 7.8 604 3960 3.74 0.0540 
PbS-42 7.6 604 9420 3.74 0.1435 
PbS-37 8.o 604 15000 3.74 0.2330 
FbS-44 7.6 654 3000 3.74 0.1050 
PbS-43 8.0 654 6000 3.74 -0.2522 
ii) Vola.tili ty and vapor pressure o:r PbS 
The -rate o:r sub1imation and the vapor pressure are 
ca1culated .by assuming -that lead su1fide sublimes as FbS 
mo1ecu1es and that the accommodation-coefficient is unity, 
the resu1ts are 11sted in Tab1e XXa. 
Tab1e XX:a. Volat111t:r and VaEor Pressure of' PbS 
Run No. T(°K) (Vo1ati11ty)x(io
6 ) 
(gram/sec.-sq.cm.) Los?mm 
PbS-36-35 776 0.08908 -5.561 
PbS-39-40 826 0.4141 -4.880 
PbS-39-41 826 0.4187 -4.875 
PbS-40-41 826 0.4367 -4.857 
PbS-37-38 877 4.333 -3.847 
PbS-37-42 877 4.286 -3.852 
PbS-38=-42 877 4.381 -3.843 
PbS-43-44 927 13.13 -3.354 
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If LosPmm- is plotted against 1/T, the resu1t1ng p1ot 
is a straight line (Figure 14). Its equation when calcu-
lated is as follows:-
l.og Pmm = -11160/T + 9.338 ------------ (47) 
iii) Dissociation of PbS 
The dissociation pressure formula for PbS was given 
by Smithe1ls(76 ) as follows:-
(76) Smithells, C. J., op. cit. p.453. 
PbS (s) = Pb(l) + ts2(g) 
Log Ps2 (mm)= -18034/T + 13.24 (655-l000°c) 
The dissociation pressure and the -dissociation rate 
are oalcuJ.ated as follows:-
T (°K) log. Ps2 (mm) Dissociation Rate ( gram/sec.-sq.cm.) 
776 -9.97 1.80 X 10-12 
826 -8.56 4.48 X 10-ll 
877 -7.34 7.05 X 10-lQ 
927 -6.23 9.04 X 10-9 
1000 -4.79 2.38 X 10 -7 
1100 -3.16 9.75 X 10 -6 
1200 -1.76 2.34 X 10-4 
1300 -0.63 3.04 X 10-3 
The dissociation rate is very small as compared to 
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there is negligib1e dissociation in the temperature range 
from 503 to 654°c. At higher temperature, though the 
dissociation rate is sti11 sma11 as compared to the rate 
of sub11mation of PbS, yet the dissociated product, lead 
metal, is melted and covers the evaporating surface. It 
has been mentioned by K1emm< 77 ) that PbS dissociates at 
(77) Kl.emm, w., Fiat Review Germ. Science, Inorganic Chem. 
Part III, Dietrich 1 sche Verlags Buchhand1ung, 
Wiesbaden, ( 1948) p. 249. 
its boiling point, the boiling point goes up until a cons-
tant boiling composition of Pb332 is reached. In this 
investigation, a large number of lead beads were observed 
on the residue surface after the sample was at aoo0 c, and 
much lower vapor pressure values were obtained from the 
data of such experiments 1n which the melted sample was 
used consecutively, these facts may confirm the-statement 
made by Kl.emm. 
For the reason stated above, the experimenta1 results 
tor higher temperatures and previously melted samples are 
not used 1n the calculation of the volatility and the 
vapor pressure of FbS, and therefore, they are not listed 
in Table XX. 
g) Exper1ments on Arsenic Tr1.sul.f1de 
1.) Experimental- Data 
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The experimental.. data :for arsenic trisul.fide .are 
listed in Table XXI. 
Tab1e XXI. Sublimation Data for Arsenic TrisuJ.fide 
Run No. Vacuum Temp. Time Area Loss 
(mi.cron) (OC) (sec.) (sq.cm.) (gram) 
As-2 12 180 7800 3.74 0.0060 
As-3 12 180 3600 3.74 0.0040 
As-4 12 180 12600 3.74 0.0080 
As-5 12 230 9000 3.74 0.0415 
As-6 12 230 1800 3.74 0.0030 
As-7 12 230 2700 3.74 0.0210 
As-8 12 280 4800 3.74 0.1528 
As-9 12 280 1200 3.74 0.0090 
As-10 12 280 8400 3.74 0.3235 
As-11.* 12 330 1200 3.74 0.0455 
As-12* 12 330 5400 3.74 2.1105 
As-13* 12 330 3600 3.74 1.1455 
* 
Vaporizat1on data, for the melting point of arsenic 
tri.sulfide is 300°c. 
11) Volatility and Vapor Pressure of As~3 
As mentioned by Mellor ( 78 ), the boiling point curve 
of the As-S system (Figure 15) shows that arsenic tri-
sul:f1de distills unchanged. In this investigation, red 
su1:f1de was :found in the condenser, it may be As2s2, or 
red beta-As2s3 • According to H. Winter(7B), when ordinary 
(78) Mellor, J. W., op. cit. Vol. IX (1929) p. 273. 
or yellow alpha-As2s3 is kept in the vapor o:ro52 below 
Figure LS' Boilinc-Point Cm ve o:r 
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170°c, it suffers no change, but above that transition 
temperature red beta:-As253 1.s formed. The residue 
remained as yellow sulfide; t}lj_s favors the assumption 
that the red sulfide is As2s2 , if beta-As2s3 1s not formed 
favorably when the vapor is condensed on graphite tube. 
The condensed As2s2 may be formed either from the dis-
sociation of As253 or from the reduction of As2s3 by the 
graphite tube. The absence of the tree sulfur on -the 
colder portion of the graphite tube favors the latter 
assumption. Therefore, the rate of sublimation (or 
vaporization} and the vapor pressure of arsenic trisulfide 
are calculated by assuming that it sublimes or vaporizes 
as As2s3 molecules and that the~commodation coefficient 
is unity, the results are listed in Table XXII. 
Table XXII Volatilit~ and VaEQr Pressure of As2s3 
Run No. T{°K) (Volat111ty)x(l06 ) LogPmm (gram/seo.-aq.cm.) 
As- 2- 3 453 0.01273 -5.539 
As- 2- 4 453 0.01114 -5.587 
As- 3- 4 453 O.OJ.J.88 -5.559 
As- 5- 6 503 1.429 -4.455 
As- 5- 7 503 1.532 -4.428 
As- 6- 7 503 1.336 -4.485 
As- 8- 9 553 10.68 -3.562 
As- 8-10 553 12.67 -3.487 
As- 9-10 553 11.69 -3.523 
As-11-12 603 131.4 -2.453 
As-11-13 603 122.5 -2.483 
As-12-13 603 143.3 -2.415 
If LogPmm is plotted 1/T, the resulting plot for 
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equation is found as :fo11ows:-
Log Pmm: -5098/T + 4.672 ------------- (48) 
The vaporization data is connected to the published 
boiling point of As2s3 as a dashed 11ne shown in Figure 
16, which serves as the expected vapox-pressure temperature 
relation for 11quid arsenic trisulfide. 
hl Ex~eriments on Antimon~ Trisulfide 
1) Experimental Data 
Pure fine black antimony trisulfide powder was used 
in this investigation. The experimental data are listed 
in Tab1e XXIII. 
Table XXIII SU.blimat1on Data for Antimony Trisulfide 
Run No. Vacuum T8mp• Time Area Loss (micron) ( C) (sec.) (sq.cm.) (gram) 
Sb-20 8.3 352 10800 3.74 0.0325 
Sb-19 8.3 352 18000 3.74 0.0380 
Sb- 6 10.0 402 3480 3.74 0.0380 
Sb- 3 10.0 402 8280 3.74 0.0562 
Sb- 2 10.0 402 15060 3.74 0.0830 
Sb-17 8.5 452 6000 3.74 0.1030 
Sb-16 8.5 452 11820 3.74 0.2027 
Sb-18 a.s 452 17820 3.74 0.3380 
Sb- 4 10.0 503 2700 3.74 0.5637 
Sb- 8 10.5 503 _ 3240 - 3.74 0.6140 
Sb- 7 10.0 503 6840 3.74 1.0072 
Sb-11* - 10.0 553 1200 3.74 1.6362 
Sb-13* 10.0 553 3060 3.74 2.4870 
Sb-14* 10.0 553 5820 _ 3.74 3.5507 
*Vapor1xation data, for the melting point of 
antimony trisu1t1de is 550°0. 
11) Volatility and vapor pressure of Sb2s3 
The rate of sublimation (or vaporization) and the 
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vapor pressure are ca1culated by assuming that antimony 
trisulfide sublimes or vaporizes as Sb2S3 mo1ecules and 
that the accommodation coefficient is unity, the results 
are listed in Tab1e XXIV. 
When LosPmm is p1otted against 1/T, the resulting 
plot for the sublimation data is a straight line (Figure 
17). Its equation is calculated to be:-
Log Pmm• -7674/T f 6.764 ----------- (49) 
Table XXIV Volatility and Vapor Pressure of Sb2S3 
Run No. T(°K) (Volati11ty)x(lo6) LosPmm 
{gram/sec.-sq.cm.) 
Sb-19-20 625 0.1670 -5.410 
Sb- 2- 3 675 1.056 -4.593 
Sb- 2- 6 675 1.038 -4.600 
Sb- 3- 6 675 1.013 -4.612 
Sb-16-17 725 6.026 -3.821 
Sb-17-18 725 5.313 -3.876 
Sb-16-18 725 4.578 -3.901 
Sb- 4- 7 776 28.63 -3.130 
Sb- 7- 8 776 29.19 -3.121 
Sb-11-13 826 122.2 -2.486 
Sb-11-14 826 110.7 -2.530 
Sb-13-14 826 103.0 -2.561 
The vaporization data is connected to the published 
boiling point of Sb2s3 (118o0 c) (79) as a dashed line 
shown in Figure 17. which serves as the expected vapor-
pressure temperature relation for liquid antimony tri-
su1f1de. 
(79) Ke1lor, J. W., op. cit. Vol.IX (1929) pp.520 
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111) Dissociation of Antimony Tr:1sul.f1de 
As mentioned by Mellor C 80), there is no experj.menta1 
ev:1dence for the existance of SbS. !the dissociated phases 
(80) 1b1d. P• 519. 
wou1d be only Sb and s2 • The dissociation pressure :formu1a 
for Sb3 8J was ~ven by Sn:ttlle11s ( ~i) as follows:-
(81) Sm1the11s, a. J., op. cit. p. 454. 
Sb2s3(1) : 2Sb(1) + r,/2 s2 Cs> 
Log P82 (mm): -12660/T + 11.83 (796-1196°0) 
The d1ssoc1at1on pressure and the dissociation rate 
are ca1cu1ated by exprapo1at1ng the-temperature range 














6.90 X 10-11 
2.13 X 10-9 
3.98 X 10-8 
5.50 X 10-7 
4.56 X 10-6 
The d1ssoc1at.1on rate is small as compared .:with the 
measured vo1at111ty. The absence of free su1fur 1n the 
co1der portion of the condenser supports such ca1cu1at1ons. 
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il Exoeriments- on Molibdenum D1su1:f1de 
1) Exper1menta1 Data 
The experimenta1 data :for molybdeum disulfide are 
listed 1n Table XXV. 
Table XXV Sublimation Data :for MoS2 
Vacuum Temn. Time Area Loss 
Run :Mo. (micron) (OC) (sec.) (sq.cm.) (gram) 
Mo-17 12.0 904 2070 3.74 0.0900 
Mo-12 12.0 904 6000 3.74 0.0920 
Mo-15 14.3 904 11040 3.74 0.0930 
Mo-19 12.7 904 14400 3.74 0.0943 
Mo-14 14.o 1006 1200 3.74 0.1020 
Mo-18 12.5 1006 1470 3.74 0.1011 
Mo-16 11.8 1006 7200 3.74 0.1165 
Mo- 7 12.0 1006 15120 3.74 0.1350 
Mo- 2 12.2 1106 14400 3.74 0.2555 
Mo- 3 12.2 1106 14400 3.74 0.2780 
Mo- 1 12.2 1106 28800 3.74 0.5035 
Mo- 4 12.2 1106 28800 3.74 o.4765 
11) Volatility and Apparent Vaoor Pressure o:r MoS2 
It w111 be shown later that the measured volatility 
of molybdenum disulfide is chiefly due to dissociation 
rather than sublimation. In that, the mechanism of 
dissociation is quite complicated, as mentioned be:fore, 
it is impossible to divide quantitatively the measured 
olatility into the rate of dissociation and the rate 
f sublimation, thus the vapor pressure relation cannot 
e derived from the experimental data. However, for the 
onvenience of presentation, the term napparent vapor 
ressure" will be used to denote such data from which the 
ate of loss can be calculated by assuming that there is 
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no dissociation. It is wel.1 worthwh11e :ror metaJ.1urg1sts 
to have a semiquantitative idea regarding the 1oss of 
weight of such su1fides :rrom their anparent vapor pressure. 
The same treatment w111 be used :ror iron, nickel, 
coba1t and copper sul.fides. 
The rate of sublimation and the apparent vapor 
pressure are calculated by assuming that mo1ybdeum diSl,l,Jfide 
sublimes without dissociation and that the accommodation 
coefficient is unity, the resu1ts are listed in Tab1e XX.VI. 
Tab1e XX.VI Vo1at11ity and Aoparent Vapor Pressure otMoS2 
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If LogPmm is p1otted against 1/T, the resulting plot 
is a straight 1ine. (Figure 18). Its equation is as 
fol.lows:-
Log .Pmm • -13839/T + 6.678-------------- (50) 
111) D1ssoc1at1on of Mos2 
The dissociation pressure formu1a for MoS2 can be 
ca1cu1ated from the free.energy data ( 82) as fo11ows:-
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(82) Ke1ley, K. K. op. cit. US B.M. Bu11. 406(1937)p.6 ,54. 
MoS2(s) = Mo,s) + 2S(rh) ------------------------ (a) 
~F~: 57640 + 15.78T1og.T - 5.6ox10-3T2 
t0.252x105T-1 - 49.24T 
2S(rh) - s2 (g) --------------------------------- (b) 
~F~ = 31360 - 1.36T1ogT ~ 5.aox10-3T2 - 38.62T 
( a) -1- ( b) Mo s2 ( s) : Mo ( s) + S2 ( g) 
There, 
AF0 = 89000 + 14.42TlogT + o.2ox10-3T 
+ 0.252xl.05T-l - 87.86T 
LogP - -19454/T - 3.152LogT - o.o44xio-3T atm -
-6.u55x1.05T-2 + 19.205 
The dissociation pressure and the dissociation rate 











8.20 X 10-7 
1.24 X 10-5 
1.20 X 10-4 
Comparing the calculated dissociation rate with the 
measured volatility, the former even exceeds the latter, 
this maybe explained by the rather complicated nature or 
dissociation:- once the surface layer of the sulfide has 
been dissociated, the dissociated metal remains on the 
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sur~ace and retards the escape of sulfur mo1ecu1es from the 
lower 1ayers, then diffusion will p1ay the important ro1e 
in determining the rate of dissociation. 
During these experiments, free sulfur was observed 
in the colder portion of the condenser. Therefore, from the 
above calculations and the experimental facts, the 
measured volatility is ch1ef1y, if not entirely, due to 
dissociat~on. 
J) Experiments on FeS. 
1) Exper1men~a1-data-
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The. exper~menta1 data for FeS are listed in Table 
XXVIl. 
Table XXVII Sublimation Data for FeS 
Bun No. Vacuum. Temp. Time Area Loss (micron) (oC) (sec.) (sq.cm.) (gram) 
FeS-15 9.5 804 2400 5.57 0.0212 
Fe-S-16 9.5 804 15660 5.57 0.0230 
FeS-12 9.5 904 600 5.57 0.0270 
FeS-11 9.5 904 6180 5.57 0.0306 
FeS-10 9.5 904 14520 5.57 0.0363 
FeS-17 9.5 1006 600 3.74 0.0462 
FeS-13 9.5 1006 10800 3.74 0.0786 
11) Volatility and Apparent Vapor Pressure of FeS 
The rate of sublimation and the apparent vapor pres-
sure of FeS are ca1cu1ated-by assuming that iron sulfide 
sublimes aa FeS without dissociation and that the accommo-
ation coefficient is unity, the resu1ts are listed 1n 
ble XXVIII. 


























I:f' Los?mm is plotted against 1/T, the resulting plot 
is a straight line, (Figure 18). Its equation is as 
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follows:-
Log Pmm = -10850/T + 4.162 ----------------- (51) 
111) Dissociation of FeS 
The dissociation pressure fbrmu1a for FeS was given 
by Smithe1ls(B3) as fo11ows:-
(83) Sm1thells, C. J., op. cit. p.453. 
FeS (s) = Fe(s) + ts2 
Log Ps2(mm) = -14330/T + 8.7 (723-994°0) 
The dissociation pressure formula for FeS can also 
be calculated from the free energy data(84) as- follows:-
(84) Ke1ley, K. K., op. cit. u.s.B.M. Bull.406(1937) p.41. 
FeS(beta) = Fe(gamma) + ts2(g) 
AF0 = 37850 i 0.53T1ogT - 1.14xio-3T2 -13.46T 
LogP52(atm) = -16510/T - o.232LogT + o.498x10-3T ~ 5.88 
The dissociation pressures are ca1cu1ated from both 
formulae, and the results are listed as follows:-
T (°K) 
Log Ps (mm) Log Ps (mm) 2 2 
( Smithells) (Kelley) 
1077 -4.60 -6.42 
1177 -3.48 -s.20 
1279 -2.50 -4 .• 10 
Though the calcu1ated dissociation pressures from the 
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two sources do not agree, there is no doubt that the 
measured vo1at111ty is ch1e:f'1y, if not ent:Lre1y, due to 
d1ssoc1at1on. 
Another set of experiment on FeS was carried out, and 
the iron contents in the residue and _d1stil1ate were 
ana1yzed, :from which the 1oss o:r iron and sulfur can be 
ca1cu1ated; thus the extent of dissociation and sub1imat1on 
can be estimated. The experimenta1 resu1ts and the calcu-
1ations are listed in Tab1e XXIX. 
Note* The position of d:Lfferent products after heat-
ing is shown 1n the :f'o1lowins f1e;ure:-
~Cover :} .. 1st Tube+-2nd Tube + 3rd Tube----4 
I ~ 
Residue 
Di= Distillate I, very thin film --------------FeS 
D2 = Distillate II, rather thick film ----------S 
5,6. Granu1ar :ferrous su1:f'1de was used as the charge. Its 
iron content was ana1yzed by the potassium permanganate 
method as 63.75%; the rest of the 36.25% was considered 
as suJ.1\tr • 
The theoretical composition o:f' FeS is as fo11ows:-
Fe 63.5;;% 
s 36.47% 
7,8. a) The weights of -residue were actua1ly wej_ghed, and 
106 
Table XXIX Dissociation Data £or FeS 
Experiment No. Fe-l Fe-2 Fe-3 Fe-4 
-
l. Vacuum (microns) 12.r; 12.~ 12.c; 12.r; 
2. Temoera:bure (oc) 1100 1000 900 1000 
3. Time (minutest 260 260 260 ?hO 
4. Area (SQ. cm • .) 7.92 7.92 21 .. 76 7 .. 92 
5. Composition Fe 14.011 lh.011 1J, .01] , J, .. m, 
0£ Charge s 7.967 7.967 7.967 7.967 
(grams) Total 21.978 21.978 21.978 21.978 
6. Composition Fe 63.75 63. 7r:; 63. 7r:; 61.1r:; 
0£ Charge s 36.2r:; 16.2~ 16.2~ ~h.2~ 
(wt. %) Total 100.00 100.00 1 (l(L(Y) , ()()J\() 
7. Material Charge 21.978 21.978 21.978 21.978 
Balance Residue 21.247 21.761 21.r583 21.7r;r; ( ,noams) Distillate 0.731 0.217 0.19~ 0.221 
8. Material Charge 100.00 100.00 100.00 100.00 
Balance Residue 96.68 99.01 98.20 98.99 
(wt. %) Distillate 3.12 0 .. 99 J .. Rn , _n, 
9. Composition Fe 65.42 6h.2r:; 61.i.68 61.i.22 
0£ Residue s 3h.~8 1~.7r; 1~.12 1~.78 (wt. %) Total 100.00 100 .. 00 100.00 1 (){)_()0 
10. Comi,osition Fe 13.90 13.98 13.96 13.97 
0£ Residue s 7.3r; 7.78 7.62 7.79 (grams) Total 21.2r:; 21.76 21.c;a 21.76 
11. Fe Charge 14.01 lh.01 JJ, .01 ]J, .01 
Balance Residue 13.90 11.98 11.96 11.97 
(grams) Distillate 0.11 0.01 o.or:; 0.011 
12. Fe Char~e 100.00 100.00 100.00 100.m 
Balance Residue 99.21 99.79 99.61.i 99.71 
(wt. ~) Distillate 0.79 0 .. ?1 o .. ~h 0.?9 
13. S Charge 7.97 7.97 7.97 7.97 
Balance Residue 7.35 ~ 7.78 7.62 7 .. 79 (~ams) Distillate 0.62 0.19 0.1c; 0.18 
14. s Chare-e 100.00 100.00 100.00 100.00 
Balance Residue 92.22 97.62 9r:;.60 97. 7h 
(wt,.~) n; s+.; 11 ~+-~ 7.78 ? .. ~R J, .. J,O ?.?h 
15. Composition Fe O.ll 0.03 o.oc; a.oh 
o:r Distillate s 0.62 0.19 0.1c; 0.18 (grams) Total 0.73 0.22 a.ho 0.22 
16. Composition Fe 1r;.1 13.6 12.r; 18.2 
0£ Distillate s 81, .. 9 86.J, 87 .c; 81 .. 8 
(wt.~) To+.~1 100.0 a no.a nm .. o 1M.O 
17. Composition o:f Fe Some Some Some Some 
Distillate I s Some Some Some Some 
18. Compos±tion 0£ Fe None None None None 
Distillate II s Some Some Some Some 
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those or d~at:111ates ware obtamed by d:1:ff'arence. 
b) The weights of dist111ate referred to the . same 







9,10. The Fe content 1n the residue was ana1yzed by the 
potass:1um permanganate method; and the rest was considered 
as S. 
11,12. The we:1ght of' Fe 1n the-d1et111ate was obtained 
from the dli:rerence-- be-tween the weights of' the charge and 
the residue. 
13,14. 'lb.a weight of S 1n the distillate was obtained from 
the dif':rerence between the we~ghts of' the charge and the 
residue. 
15,16. The compos:1t1on of' the d1st111ate was ca1cu1ated 
from Fe balance and S ba1ance :in which the weights of Fe 
and Sin the-distillate bad been ca1cu1ated. 
17,18. On1y qua11tat1ve tests- were run f'or the composition 
of the condensates, for the samp1e was very small, and 
some graphite powder was mixed 1n with the sample-when it 
was scraped :from the graphite tube. 
Conc1us1on:-
On1y a small amount (around 1/5 to 1/6 of the total 
1oss of' weight) of' FeS is sublimed; the major portion of 
the loss of' weight is due to the dissociation of' FeS into 
Fe and Sand the evaporation of s. 
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k) Experi.ments on CbS 
~))EXperimental_Data 
The experimental data for cos are listed 1n Table XXX. 
Table XXX SUblimation Data for Cos 
Run No. Vacuum Temp. Time Area Loss (micron) ( 0 c) (sec.) (sq.cm.) (gram) 
CoS-6 10.5 804 3180 3.74 0.1016 
CoS-7 10.5 804 6780 3.74 0.1039 
CoS-5 10.5 804 12960 3.74 0.1080 
CoS-3 10.5 904 1560 3.74 0.2105 
CoS-9 10.0 904 8760 3.74 0.2450 
CoS-2 10.5 904 12060 3.74 0.2700 
CoS-4* 10.2 1006 1200 2.53 0.3120 
CoS-8* 10.0 1006 3540 2.53 0.3800 
* The sample was me-1 ted and shrank to a spherical 
segment. 
11) Volatility and Apparent Vapor Pressure of cos 
The rate of sublimation and the-apparent yapor pres-
sure of CoS are ca1cu1ated by assuming that cobalt sulfide 
sublimes as CoS molecules without dissociation and that 
the accommodation coefficient is unity, the results are 
listed in Table XXXI. 
Table XXXI Volat1litI: and A:e:earent Va:Eor Pressure of 
Run No. T(°K) fVolat111ty)x(l0
6 ) 
gram/sec.-sq.cm.) LosPmm 
CoS-5-6 1077 0.1749 -4.987 
CoS-5-7 1077 0.1773 -4.981 
CoS-6-7 1077 0.1707 -4.997 
CoS-2-3 1177 1.828 -3.948 
CoS-2-9 1177 1.943 -3.921 
CoS-3-9 1177 1.757 -3.965 
CoS-4-8 1279 11.47 -3.133 
cos 
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If' LogPmm is plotted against 1/T, the resu1t1ng 
p1ot is a straight 1ine (Figure 18). Its equation is 
as :fo11ows: -
Log P - -12630/T ~ 6.751 ------------ (52) mm -
111) Dissociation of cos 
The dissociation pressure :formula :for CoS can be 
calculated :from the :free energy data(85) as :fo11ows:-
(85) Ibid •• pp.6 9 35. 
2CoS(s): 2Co(s) + 2S(rh) ------------------- (a) 
AFY: 41640 + 8.76T 1ogT - 7.06x10-3T2 - 17.94T 
2S{rh) - s2(g) ---------------------------- (b) 
AF0 - 31360 - 1.36T logT + 5.80xl0-3T2 - 38.62T 2 -
( a) + (b) 2CoS( s) - 2Co( s) + 52(g) 
llF0 : 73000 + 7 .46T 1ogT - l.26xl0-3T2 - 56.56T 
Therefore. 
LogPS2 (atm) : -15950/T - 1.63LogT + o.275x10-3T +12.35 
The dissociation pressure and the dissociation rate 
are calculated and the results are listed as :follows:-
T (°K) Log P52 (mm) Dissociation Rate (gram/sec-sq.cm.) 
1077 -4.22 8.56 X 10-7 
1177 -3.02 1.30 X 10-5 
1279 -1.97 1.40 X 10 -4 
Comparing the calculated dissociation rate with the 
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measured volati1ity, the :former exceeds the latter. 
During these experiments, :free sulfur was observed in the 
colder portion o:r the condenser. Therefore, :from the 
above ca1cu1ations and the experimental :facts, the 
measured volatility is chiefly, if' not entirely, due 
to dissociation. 
The sulfur contents 1n the residue was ana.1yzed 
by the barium su1f'ate method. The whole residue was 
dissolved to avoid the error :from non-homogeneity o:r the 
sample, the solu t1on was diluted to 500 c. c., :from which 
two samp1es each of 100 c.c. were taken :for prec1.pitat1on 
with bar1um chloride. The amount o:r sulfur in the 
res1due was calculated from the ana1ysis, the remainder 
was cons1.dered as coba1t. The 1oss o:f sulfur was 
obtained from the difference between the weight o:f sulfur 
1n the charge and the residue. The results o:r the 
calculations are listed in Table XXXII. 
As shown 1n iable XXXII, the dissociation becomes 
more predominate as the temperature increases; it increase 
:from 54% to 75% of' the measured volatility as the tempera-
ture increases from 804 to 1006° c. 
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Table XXXII Calcu1ations ror the Dissociation or cos 
IRun No. 6 7 3 9 4 8 
Temperature (0 c) 804 804 904 904 1006 1006 
Time (sec.) 3180 6780 1560 8760 1200 3540 
Material Charge 3.3344 3.0743 4.2548 3.2604 3.1058 3.1088 
Ba1ance Residue 3.2328 2.9704 4.0443 ,.0144 2.7938 2.7288 (gram) Dist. 0.1016 0.1039 0.2105 0.2460 0.3120 0.3800 
S 1n Residue {ti,) 34.37 34.08 32.11 31.89 29.80 28.65 
s Charge 1.1826 1.1330 1.5257 1.1246 1.1015 1.1025 
Bal.ance Residue 1.1111 1.0599 1.3629 0.9295 0.8325 0.7819 (Gram) Dist. 0.0715 0.0731 O.l.628 0.1951 0.2690 0.3206 
Dist. Tota1 0.1016 0.1039 0.2105 0.2460 0.3120 0.3800 
:sram> s 0.0715 0.0731 0.1628 0.1051 0.2690 0.3206 Co 0.0301 0.03()8 0.0477 0.0509 0.0530 0.0594 
Dist. Total 0.1016 0.1039 0.2105 0.2460 0.3120 0.3800 (gram) cos 0.0464 0.0475 0.0737 0.0785 0.0818 0.0917 
s 0.0552 0.0564 0.1368 0.1675 0.2302 0.2883 
Diet. Total 100.0 100.0 100.0 100.0 100.0 100.0 (%) cos 45.6 45.6 35.0 34.8 26.2 24.1 
s 54.4 54.4 65.0 65.2 73.8 75.9 
• The sulfur content 1n the charge was ana1yzed as 35.46% 
o:r the remaining 64.54% was considered as cobal.t. The 
theoretical composition o:r Cos is:-
Co 64. 77% 
s 35.23'1, 
Die ana1yt1cal results was used 1n the above calculations. 
1) Exper1menta on N1S 
1) Experimental. Data 
l.12 
The exper1menta1 data f'or N1.S are 11.sted 1.n Tabl.e 
)[)[I I II. 
Table XXXIII Sublimation Data for N1S 
Run No. Vacuum TS~· Ti.me Area lDss (micron) ( C (sec.) (sq.cm.) ( gram) 
NiS- 8 10.0 604 4860 3.74 0.0043 
N1S- 9 10.5 604 6270 3.74 0.0080 
N1S- 7 10.0 604 12660 3.74 0.0184 
N1S- 4 10.0 704 1320 3.74 0.0620 
N1S- 5 10.5 704 3180 3.74 0.1016 
N1S- 6 10.2 704 9360 3.74 0.1940 
N1S- 1 10.5 804 1500 3.74 0.2388 
N1S- 3 10.0 804 3300 3.74 0.3376 
NiS-10 10.5 804 5340 3.74 o.6975 
11) Vol.at111ty and Anparent Vapor Pressure of' NiS 
The rate of subl.1mat1on and the apparent vapor pres-
sure or NiS are ca1cul.ated by assuming that nickel su.1f':1de 
~bl.1.mes as N1S mo1ecu1es without d1ssoc1at1.on and that 
the accommodation coe:ff'1.c1ent is un1.ty, the resu1ta are 
listed 1n Table XXXIV. 
Table XXXIV Volati.11.ty and Apparent Vapor Pressure of' NiS 
(Vol.at111ty)x(l.06 ) l.DgPmm 
Run No. T(°K) (gram/sec.-sq.cm.) 
NiS-8-7 877 0.4831 -4.589 
NiS-9-7 877 0.4454 -4.625 
NiS-5-6 977 3.905 -J.648 
NiS-4-6 977 4.388 -3.607 
NiS-l.-10 1077 31.92 -2.725 
NiS-3-10 1077 36.23 -2.670 
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If the LogPmm is plotted against 1/T, the reau1t1ng 
plot 1.s a stra1.ght 11ne(F1.gure 18). Its equati.on is as 
rtol.lows :-
Log Pmm = -9213/T + 5.84 --------------- (53) 
111) Dissociation of N1S 
No thermodynam1.c data 1.s ava11abl.e for the ca1cul.ation 
e>f' the dissoc1.at1.on pressure o:r N1.S w1.tMn the temperature 
range of 600 to 800°0. However, from Ell1ngbam 1s :tree 
energy diagram for su1f1dea< 86), NiS 1.s less stable than 
~86) Ellingham, H.J. T., Reducibility or Oxides and 
Sulfides 1n Meta11urgica1 Processes, J. Soc. Chem. 
Ind. (London) May 1944, p.129. 
Cos, thus it 1.s believed that the measured vol.at11ity of 
~1.S is chiefly, if not entirely, due to d1.ssociat1on. The 
presence of a large amount of :tree sulfur 1n the f'urnace 
~ap and the ana1yt1.ca1 reeu1ts o:r the su1fur content 1n 
~he residue support such an assumption. 
The sulfur content 1n the residue was anal.yzed by the 
oar1um sulfate method. The whole res1.due was dissolved 
to prevent error ;from the non-homogeneity or the sample; 
rt.he solution was dil.uted to 500 c.c., from vh1ch two 
samp1ee each of 100 c.c. were then taken for precip1.tat1on. 
with bar1.um chloride. The amount of sulfur 1n the residue 
vaa calculated :trom the analytical. results, the rest was 
cons1.dered as n1.cke1. The l.oas o;f sulfur was obtained from 
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the difference between the weight o:r sulfur 1n the cbarge 
and the residue. The resul.ta or the cal.culations are list-
ed in Table XXXV. 
Table XXXV Cal.cu1ations :ror the Dissociation o:r NiS 
Run No. 1 3 10 
Temperature cool 804 804 804 
Time (sec. 1500 3300 5340 
Material Charge 6.0213 6.0640 6.2845 
Ba1ance Residue 5.7825 5.7264 5.5870 
(gram) D1stillate 0.2388 0.3376 0.6975 
S 1n Residue (%) 32.55 31.49 27.62 
s Charge 2.1oiao 2.1224 2.1996 
Balance Residue 1.8825 1.8038 1.5433 
(gram) Distillate 0.2215 0.3186 o.6563 
Distillate Total 0.2388 0.3376 o.6975 
(gram) s 0.2215 0.3186 o.6563 
Ni 0.0173 0.0190 0.0412 
Distil.late Total. 0.2388 0.3376 o.6975 
(gram) NiS 0.0267 0.0294 0.0637 
s 0.2121 0.3082 0.6338 
Distill.ate Tota1 100.0 100.0 100.0 (%) N1S 11.2 9.2 9.1 
s 88.8 90.a 90.9 
* The su1fur content 1n the charge was ana.1yzed as 35.00%, 
the remaining 65% was considered as nickel. The theoret1-
cal composition of N1S 1a:-
N1 64.68~ 
s 35-32% 
The analytical resu1ts was used 1n the above cal.culations. 
As shown 1n Table XXXV, around 90 percent of the 
measured vol.at11ity at 8o4°c is due to the dissociation 
o:r N1S and the escape of' sulfur molecules. 
m) Experiments on Cuprous Su1:fide 
1) Experimental Data 
J.15 
The samp1e was prepared by melting chem1ca1l.y pure 
precipitated cuprous sulf'ide powder under nitrogen. After 
each experiment, dissociated copper remained on the sur:rac 
as veey :fine wool., thls was picked orf' and weighed, then 
the sampl.e was ready f'or next experiment. 
The experimental. data for cuprous sulride are listed 
1n Table XXXVI. 
Tab1e XXXVI Su.bl.1mat1on Data f'or eu2s 
Run No. Vacuum Temp. Time Area Loss Dissoci.ated 
(micron) ( 0 c) (sec.) (sq.cm.) (gram) Cu (gram) 
Cu- 5 16.7 604 1980 5.52 0.0012 some 
Ou- 6 23.0 604 6180 5.52 0.0025 some 
Cu- 4 15.0 604 12180 5.52 0.0061. 0.0045 
Cu- 9 20.0 704 1200 5.52 0.0045 0.0073 
Cu-10 23.0 704 6000 5.52 0.0107 0.0156 
Cu- 8 15.0 704 10800 5.52 0.0172 0.0255 
Cu-11 20.0 804 1200 5.52 0.0082 0.0144 
Cu-1.2 16.7 804 6000 5.52 0.0192 0.021.6 
Cu-17 11.0 904 600 5.52 0.0090 0.0174 
CU-18 11.6 904 3600 5.52 0.0194 0.0296 
11) Volatility and Apparent Vapor Pressure of Cu2S 
The rate of' sublimation and the apparent vapor presw.r 
of cuprous sul:fide are ca1culated by assuming that it 
subl1mes as eu2s without dissociation, and that the accom-
odation coef'f'1c1ent 1s unity, the resul.ts are l.isted 1n 
Table DCCVII. 
If' lDsPmm is plotted against 1/T, (Figure 18), the 
esul.ting plot is rather fl.at, and quite dlf'f'erent from 
l.16 
Tab1e XXXVII Volat111ty and Apparent Vapor Pressure ar 
Cu2S 
Run No. T(°K) (Vol.at111ty)x(lo
6 ) 
(gram/aec.-sq.cm.) LosPmm 
CU- 4- 5 877 0.05695 -5.6lt0 
Cu- 4- 6 877 0.05725 -5.638 
Cu- 5- 6 877 0.05612 -5.646 
Cu- 8- 9 977 0.2398 -4.992 
Cu- 8-10 9Tl 0.2455 -4.981 
Cu- 9-10 977 0.2342 -5.002 
Cu-11-12 1007 o.4153 -4'1-.732 
Cu-17-18 1177 0.6164 -4.542 
other sulf'ide curves. Thi.a unusual phenomenon may be 
e:xp1a1ned by the f'act that the dissociated copper remained 
on the evaporating surface as ver:, fine wool which has a 
very large surf'ace to retard the escape o:r other evaporat-
ing molecules. The higher the temperature and the 1onger 
the time, the larger t.he amount of' copper wool t.bat will 
be f'ormed, thus the retarding ef'f'ect will be 1arger. 
111) D1esoc1at1on of' Cuprous Sul.fide 
The d1asoc1at1on pressure f'ormul.a for cuprous sulf'1de 
was given by Sm1thel1s( 87) as f'o11owa:-
(87) Sm1the11s, c. J., op. cit. p.453 
CU2S ( a) = 2CU( s) + i52 
Log'P52 (mm) = -15290/T + 8.7 (730-875°0) 
The d1eeoc1at1on pressure and the d1aaoc1at1on rate 
are calculateq and the resu1ta are 11sted as f'o11ova:-
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T (°K) I.Dg P82 (mm) Dissociation Rate (gram/sec.-sq.cm.) 
877 -8.72 3.00 X 10-11 
977 -6.95 1.68 X 10-9 
1007 
-5.50 4 -8 .58 X 10 
1177 -4.30 6.80 X 10-7 
The extent of dissociation can also be estimated 
from the amount of dissociated copper remained on the 
rea1due. As shown 1n Table DCCV. the amount of dissociated 
copper are approximate1y 150. 160. and 180 percent of the 
tota1 loss at 704, 804. and 904°c respectively. Cuprous 
au1:t:1de contains about 20_percent of sul:tur. thus about 
38. "°• and 45 percent of the measured volatility at 704. 
804. and 904°c respectively. is due to the d1.ssociat1on 
o~ the su.1:t1de and the escape-of the sulfur mo1ecul.ea. 
In o'Uler words. the dissociation rate can be rough].y 







9.1 X 10-8 
1.6 X 10-7 
2.8 X 10-7 
These do not agreed closely with the data calculated 
from the dissociation pressure formula espec:1a11y at 
lower temperatures. The divergence is partly due to the 
extrapolation of the formula. and partly due to the 
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ovel'-s1mp11:f'1ed treatment o:f' the calculation or d~ssoc1a-
t1on rate :from dissociation pressure, as mentioned berore. 
However, the dissociation o:r cuprous sul:f'1de observed 
1n the experiments indicates the difficulties in deter-
mining its vapor pressure, therefore, on1y the apparent 
por pressure was calculated as was done :for sulfides 
of molybdenum, iron, cobalt, and nickel. 
n) Experiments on Silver fil.1:f'ide 
The experimenta1 results indicate. that dissociation 
is the predominating phenomenon even at 500°c. Thus, it 
is possible to produce pure silver by a vacuum dissocia-
tion method. It will be more suitable to present such 
ata in Chapter IV, Vacuum Dissociation of' Metallic SU1:f1d 
the results will be ttl.scussed :from the extractive 
int o:r view. 
o) Experiments on CaS 
1) Experimental Jata 
The charge o:r experiments 7-12 were prepared :from 
reeh powders of' CaS; the residues o:r experiments 12, 13, 
nd 14, were used as the charge :for experiments 13, 14, 
respectively. The samples were kept 1n a desiccator 
and after weighing. The exper1menta1 data :for cas 
re listed in Table XXXVIII. 
- 2. 5 
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Tab1e XXXVIII Sublimation La.ta :for cas 
Run No. Vacuum Temp. Time Area Losa 
micron (OC) (sec.) (sq.cm.) (gram) 
CaS- 7 9.5 1006 28800 5.52 0.1770 4.447 
CaS- 8 9.0 1006 14'IOO 5.52 0.1495 3.963 
CaS- 9 9.0 1006 4200 5.52 0.2060 5.4490 
CaS-10 9.0 1106 5400 5.52 0.1510 3.9650 
CaS-11 9.0 1006 1800 5.52 0.1580 4.4530 
CaS-12 9.0 904 6000 5.52 0.1440 4.4520 
CaS-13 8.5 904 19080 5.52 0.0120 4.3()80 
CaS-14 9.0 1106 9000 5.52 0.0160 4.2960 
CaS-15 9.0 1006 12600 5.52 0.0000 4.243() 
11) Interpretation of' Experimental Data 
From experiments 7 to 12. the loss o:f weights were 
quite irregular, and have no de:finite relation to the 
heating temperature and time. --The l.osa o:f weight 1n 
experiment 9 should be sma1ler than those of' 7 • a.· or 10; 
but it is greater. The loss o:f weight in experiment 10 
should be greater than that 1n experiment 11, but it 
is smaller. The results vary with the amount of' charge 
sed in each experiment, the loss in experiment. 9 ie the 
largest, :for the charge used in this experiment is the 
largest; the other abnormalities between experiments 
10 and 11, 8 and 11 can also be attributed to the dif':fere 
1n the amounts o:f charge used 1n each experiment. This 
ef'f'ect can be explained by the :fact that cas reacts with 
the moisture in the air according to the f'ollowing equation 
2CaS + 2H20 : Ca(OH) 2 + Ca( SH) 2 
heref'ore, the loss of' weight 1s not due to the subl1ma-
ion of' cas, but the calc1nat1on o:f the moistened cas. 
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If the loss o:f weight is not chief1y due to the ca1c1na-
t1on, the sublimate oi' arowid 0.15 gram shou1d be observed 
in the condenser, but it was not. 
In experiments 13 to 15, a calcined charge was used. 
Th~ 1oss in experiments 13 and 14 sudden1y dropped to 
approximately one tenth o:f the previous values. In 
experiment 15, the 1oss was zero. These UilllSual phenomena 
can be explained by the :fo1lowing reasoning. 
(1) In experiments 13 and 14, there may have been 
some moistened CaS to account :for the weight change. 
otherwise experiment 15 should a1so show some loss. The 
difference in 1oss between experiments 13 and 14 may show 
some sublimation. 
( 2) In experiment 15, the loss was 0.0000, or was 
too smal1 to be weighed by the balance used. The absence 
o:f any loss may be attributed either to the very low 
vapor pressure o:f CaS; or to the :fact that the surface 
was covered with the calcined product, Cao. which has a 
veey low vapor pressure (io-5mm. at 1583°0).< 88) 
(88) lhshman, s., op. cit. p. 780. 
Therefore it is impossibl.e to derive any P.T re1at1on 
:for CaS :from the experimental data. However, it can be 
stated that the vapor pressure o:f CaS is veey small as 
compared with other sulfides. 
122 
CaS :1s very stab1e against thermal dissociation, as 
can be clearly seen :from the :following thermodynamic 
ca1cula tions. 
The dissociation pressure :formula :for CaS can be 
~alculated from the :free energy data (Bg). 
(89) Kelley, K. K., op. cit. u.s.B.M. Bu11. 406, pp.6,30. 
2CaS(s): 2Ca(alpha) + 2S(rh) -------------- (a) 
AF~: 222680 + 6.04T logT - 5.76x10-3T2 - 22.36T 
2S(rh) : s2 (g) ---------------------------- (b) 
~~: 31360 - 1.36T logT + 5.8ox10-3T2 -38.62 
:a) + {b) 
2CaS(s) = 2Ca{alpba) + 52{g) 
~~: 254040 + 4.68T 1ogT + o.o4x10-3T2 -60.98T 









The high atab11:1ty o:r CaS toward thermal dissociation. 
md 1 ts low vapor pressure are two remarkable properties 
~hich can be utilized in the vacuum reduction of metal.lie 
aul:fides. 
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p) Experiments on Aluminum &1f1de 
A1uminum su1:f1de, similiar to ca1c1um sulfide, can 
be hydrolyzed, according to the :fo1low1ng equation:-
Al. 2s3 + 6H2o : 3~S + 2Al{ OH) 3 
Therefore, it is impossible to determine accurately 
the vapor pressure-temperature relation :for a1um:1num 
aul:fide. However, the :following experimenta1 data may 
be used to calculated the possible maximum vapor pressure 
o:r aluminum su1:fide at 1006°0, :for the total. 1oss of 
weight includes also the loss due to ca1cination and the 



















5.52 square centimeters. 
3.0021 grams. 
0.0831 
B1u1sh wrJ.te :film was observed in 






le a deliquescent substance, it is 
impossible todetermine its vapor pressure by the method 
used in this investigation. However> one experiment 












Arter heating, 1.8095 grams was blown out onto the 
furnace cap by the severe evolution o:r gases due to 
calcination, and no sublimate was observed in the graph-
ite tube. 
lhring the above experiment, it took two and ha1:f' 
hours to pump down to the desired vacuum (9 microns), 
this may be explained by the :tact that calcination was 
taking p1ace at 120°0 which was the temperature of' the 
sample during pumping. After two and a hal:f' hours, the 
calcination was complete and then the vacuum in the funace 
was reduced to 9 microns. This explanation was proved 
by another experiment in which the sample was JUt in 
the furnace (120°0), and pumped :for one hour, the same 
severe blowing phenomenon was observed. 
From the above experimental results, it may be 
qualitatively stated that the vapor pressure o:r sodium 
sulfide is small as compared to those o:r other volatile 
sulfides. The severe blowing phenomenon due to the 
calc1nat1on of sodium sulfide should be taken into 




a) Comnarison with Previous Work 
The most important previous work which can be 
used :for comparison is that by Veslovski~. His resul.te 
were plotted along with the experimental. results :found 
in this investigation in Figures 5, 6. and 14. 
For zinc sulfide. the P-T relation given by him 
differs slightly {around 0.1 to 0.2 logarithm units) with 
the experimental data of this investigation. But his 
formul.a does not represent his actual. experimental. resu1t~ 
an error o:f' one l.ogarithm unit has been introduced. The 
temperature at which zinc sul.:f'ide has a vapor pressure 
o:f' 10 microns were reported as 1200°0 by Kational. Re-
search Corporation. U.S.A. This temperature seems to 
be too high; it was determined by a vacuum gauge method 
(90) 
which is just a rough approximation 
( 90) National. Research Corp.• High Vacuum :for Industry• 
{1945) 
For cadmium sulfide and l.ead sulfide• the experiment-
al. results found in this investigation are low as compared 
with those :found by Veslovskii. As mentioned before. he 
used Krmdsen's method in his experiments 1n which a 
quartzcontalner with an orifice o:f' 0.00261 to 0.00802 
square centimeters in cross section contained the sampl.e. 
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The loss of weight was around one to fifty milligrams. 
His results may be higher due to the fact that the loss 
of weight may include some of the silica ( for silica 
bas a mu.ch higher vapor pressure than alumina), and the 
loss during heating and cooling. Furthermore, the absorp-
tion of gases may cause some error in the small lose 
of weight. 
The experimental factors in this investigation have 
been discussed 1n detail in previous sections. The 
uncertainty of Langmuir's method is the assumption that 
the accommodation coefficient is unity. Throughout this 
investigation, it is assumed to be unity from indirect 
evidences as discussed before. 
If Veslovsk1i 1 s results are more accurate and closer 
to the true vapor pressure (which is debatable), then the , 
accommodation coefficient of metallic sulfides should 
be around 0.1, and the vapor pressure determined 1n th1.s 
lnvestigation w111 be around one tenth of the true value. 
However, the relative magnitude of the pressures is still 
~orrect, and this is the information desired by metallure;tat-_e 
b) Summary 
The exper1.mental results which have been discussed in 
this chapter can be summarized as follows:-
i) The va!)Or pressure-temperature relations for ZnS, 
CdS, HgS, MnS, SnS, PbS, As253,. and Sb2s3 have been 
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determined by Langmuir's method in different temperature 
ranges. These are listed along with the exper1mental 
equation for P-T relations in Table XXXIX. 
Table XXXIX The Vapor Pressure-Temperature Relation 
tor Metal1~c Sulfides 
Log P - -A/T .f. B mm -
atl:fides A B Temp. Range Pressure Range 
( 0 o) Log Pmm 
ZnS 13981 8.979 704-1006 -5.27 to -1.89 
OdS 10500 7.572 503-704 
-5-96 to -3.16 
HgS 5586 6.669 230-330 -4.41 to ~2.58 
MnS 11937 4.633 904-1106 
-5-79 to -4.32 
SnS 8380 6.728 503-704 -4.09 to -1.91 
PbS 11160 9.338 503-654 -5.56 to -3.35 
As2s3 5098 4.672 180-330 -5.54 to -2.42 Sb2~ 7674 6.764 352-553 -5.41 to -2.56 
The results are also summarized graphically 1n Figure 
0.9, 1n which the solid lines represent the experimenta1 
results; and the dotted lines represent the predicted 
value by connecting the experimental results to the 
published boiling point data or by extrapolating the 
~xperimental data. The line f'or S1S is drawn :from its 
boiling point with a slope roughly parallel to that of 
Sns. 
11) The free energy and heat of sublimation has been 
ca1culated tor ZnS, CdS, HgS, Mns, and SnS :from the exper1-
~ental vapor pressure data. 
111) FeS, Cos, NiS, eu2s, and MoS2 d1saocl1ate before 
~hey sublime. The extent of dissociation and subl1mat1on 
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or chemica1 analysis or both. The term "apparent vapor 
pressure" was used to denote the experimenta1 data f'rom 
which the l.oss of' weight can be calculated by assuming 
that no dissociation has taken plac&. The results have 
been summarized graph1cal1y 1n Figure 18. 
iv) Ag2s dissociates to such a large extent that 
it is possible to produce pure silver by vacuum dissocia-
tion method, therefore, the experimental data are reserved 
and will be discussed in Chapter IV. 
v) The vapor pressure or cas. Al2 83 and Na2s are 
on1y qualitatively estimated due to their un-stability 
toward the attack of moisture. 
c) Periodic Relation of Metallic Sulfides 
From the experimenta1 results found 1n this investiga-
tion along with the information existing in the literature. 
we can assemble a comnlete nicture of the metallic sulfides 
. - . 
as regard their volatility and their thermal stability. 
which properties are of' primary importance in the vacuum 
metallurgy of metallic sulfides. 
Theoretically speaking, every sulf'ide can be dis-
sociated and vaporized (or sublimed) if the temperature 
is high enough. Actually. when only heat energy is 
applied to the metallic sulfides. some of them are vapo?'-
ized {or sublimed) bei'ore they are dissociated. If' the 
temperature is high enough, they may be dissociated 1n 
the vapor phase; others are dissociated before they 
• 
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sublime-.. For the convenience o:f discussion, we 
ay ca11 the :former Volatile &11:fides; and the latter, 
Non-vo1at11e &11fides. This property has a de:f1n1te 
re1ation to the position of the metals in the periodic 
table as shown in Figure 20. If severa1 sulfides are 
formed rrom one metal, only the most stable is 
considered. 
The sulfides o:f those metals which belong to 
the group IIB to VB are volatile; and the rest are 
nonvolatile. The magnitude of the volatility o:f the 
sul:fides also has a definite relation to the posi-
tion o:f the metal in the periodic table, as shown 
in Figure 20. HgS and As2s3, the two most volatile 
sulfides, are situated 1n the two corners o:f the 
rectangle. The horizontal and vertical relations are 
shown 1n F1.gure 20 by arrows showing the directions 
in which the volatility is increased. From this re-
lation, the volatility of gallium, gennanium, indium, 
thallium, and bismuth sul:f1.des can be estimated. 
The thermal stability or nonvolatile sulfides 
and their stability toward hydrolysis also has a definite 
F'ir;l.ll'e 20 Periodic Relation of fvietallic Sulfides 
- Vol.:1.t i lity and Thernal .Stabilit/-
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relation to the position o:f the meta1s in the periodic 
table as shown in Figure 20. 11he su1:fides of the al.kali 
meta1s are deliquescent substances; those of a1ka11 
earth metals show hydrolysis; A12 s3• Sc2~, and Y 2 ~ can 
be decomposed by water; and the hydrolysis ceases at 
group IVA, and does not show 1n the subsequent groups. 
The horizontal and vertical relations for therma1 
stabilities are shown in Figure 20 by arrows in the 
direction that stability is increased. The relatively 
easy dissociable su1:f1des are situated at the right 
side of the rectangle, and the stability decreases 
downl-.~rd. 
The information cited below is used with the experi-
mental resu1 ts found in th1.s investigation to support 
the above conclusions. 
According to W. Crookes and A. Lamy, thallous 
sulfide when heated out of contact with air melts and 
vaporizes, the melting point is 448°c (9l). 
GaS sub11mea at 8oo0 c (92). 
When heated in a stream of hydrogen, most of the 
(q) 
monosulfide of germanium is volatilized undecomposed • 
Y. Takahashi gave 680°c for the melting po1.nt o:f 
B1253 and found that at this temperature about 1.5 pe:r-
centage is dissociated. J. Jo1ly found that a sublima-
tion occurs at 400 to 6oo0 c. E. Schneider found that it 
very slowly sublimes undecompoaed at a high temperature 
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in a stream of carbon dioxide(9l). 
Good crysta1s o:r Al.2 8, are obtained by sublimation 
in nitrogen under atmospheric pressure, from a carbon 
tube at 1500-160o0 c. A yellow sublimate of silicon 
sulfide is more volatile than aluminum sulfide.(gl) 
Thermal dissociation of AJ.2s3 
at. 2000°K is possible(~ 
Metallic silicon does not react with A12 s3 at 1000 
to 1500°0, but S1o2 reacts with A1283 in a graphi.te 
crucible at 1150°0, almost com~lete to form S1S at l4S0°C 
(94) This shows the higher stab:llity o:r A12 83 over Si8, 
f'or the :free energy of formation of AJ.2o3 is larger than 
that of Si02 by an amount of about. 55000 cal. per gram 
mole of oxygen<95). 
Tio2 reacts with ZnS and C to form a sulfide, wh:lch 
is not. eas11y volatilized (94). 
CrS melts without dissociation at 1550°c(9l). 
M. P:lcon found that ws2 ls dissociated at 1200 to 
1300°0 and not volatilized at 2000°c{ 9l). 
E. A. Lederer claimed a patent t"or producing pure 
tungsten by dissociation of WS2 com9letely at 1500°c(96 ). 
Juza and Biltz showed that ReS2 dissociates at 1100 
to 1200°c to its elements (97) The dissociation pressures 
of this reaction at 1100, 1189, and 1225°c are 13, 55, and 
92 mm. respectively.(98) 
R. Lorenz observed no evidence of sublimation when 
FeS is heated to whiteness :for a long period of time.< 9i) 
134 
M. Picon noted that f'errous sulf'ide dissociates into 
its elements at a high temperature 1n vacuum; the dis-
sociation begins at 1100°c and is complete at about 
1600°c( 9l). 
R. Juza and W. Meyer measured the isothermal dis-
sociation pressure of' Ru52 at 1153 and 1185°0 to be 6 
and 11.3 mm. respectively< 91 >. The same investigators 
f'ound that the dissociation pressures f'or Rh2S at 953, 
1103, 1043, and 1085°c are 19, 56, 137, and 300 mm. 
respective1y(9l). 
H. G. Krall and L. Wohler and co-workers observed 
that PdS2 at 6oo
0 c passes into PdS( 9l), the dissociation 
pressures o:f this reaction at 1060, lla), and 1186°c are 
88, 210, and 425 mm. respedtively(98). No data are 
available :for the dissociation of' Ir2s2 • 
W. Biltz and R. Juza .measured the isotherma1 dis-
sociation of PtS, the tota1 pressures of sulfur at 1100 
and 1185°c are 100 and 310 mm. respective1y(9l). 
(91) Mellor, J. W. op. cit. 
(92) Einecke, R. N. E., Das Gallium, Edwards Brothers, 
Inc., Ann Arbor, Michigan. U.S.A., (1944) p. 88. 
(93) Kl.emm, w., op. cit. p. 294. 
(94) Siebers, X. and E. J. Koh1meyer, The Behavior of 
Alumina and Silica with Metal Su1f'1des in Relation 
to Alumina Recovery :from Siliceous Baw Materials, 
Arch. Erzbergbau Erzauf'bereit Metallhutterw. Vol.l 
(1931) pp. 97-129. A.c.A. Vol. 28, (1934), p. 1582. 
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(95) Ellingham, H.J. T., op. cit. 127. 
(96) Lederer, E. A., Method of Producing Refractory 
Metals, u. s. Patent No. 1,659,205, (Feb. 14, 1928). 
(97) Druce, J. G. F., Rhenium, University Press (Cambridge, 
England) (1948) p. 64. 
(98) Snithells, C. J., op. cit. p. 453. 
The conclusions drawn in this chapter are the 
theoretical basis of vacuum metallurgy of metallic 





Vacuum Reduction of Metallic &llfides, 
Vacuum Dissociation of Metallic 
Sulfides, and 
Vacuum Separation of Metallic Sulfides. 
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Chapter III 
Vacuum Reduction of Meta111c Su1f1des 
1. Theoretica1 Considerations 
a) Reducibility of Metallic Su1fides 
The replacement of meta1s from their su1f1des by 
other metals has been wide1y investigated and the resu1ts 
are widely scattered 1n different 11terature. The precesses 
may be represented as a reversib1e reaction:-
MS+ R z_=====t!- M + RS 
whether the reducing agent R, wi11 reduce the su1fide MS 
to the meta1 depends on whether the reaction can be made 
to proceed more or less complete1y from left to right. 
If' the reverse reaction predominates, no apprec1ab1e 
extraction of the meta1 is poss1b1e. These possibilities 
can be predicted f'rom the f'ree energies of formation of 
the sulfides involved. 'l'h1s subject has been :fully dis-
cussed by E111.ngbam ( 99 ) who collected the available free 
(99) Ell1ngba,n, H. T., op. cit. 
energy data .. for au1f'1des 1n different temperature ranges 
and presented them 1n a grapb1ca1 form which permits 
direct reatU.ng of' relative reducibi1ity of' these sulfides. 
From this graph vh1.ch is reproduced as Fim,tre 21, it may 
be seen at a glance which reduction proce~ses are possible 
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on a f'ree energy basis at a specif'1c temperature and 
pressure. Unf'ortunately, data f'or the standard f'ree ener-
gies or f'ormat1on of' the important sul1"1des of the metal.a 
used as reducing agents such as A12S,, SiS, SnS, MgS, N82S, 
etc. are not available. However, the heat of' formation of' 
these sulf'1des at room temperature, though it is not the 
true measure of stability, will be listed 1n Table XL-~ as 
a rough estimation of their re1at.1ve position 1n Figure 21. 
For the convenience of' compar1.aon, the f'igures 1n Table XL 
are ref'erred to 32.06 grams of' sulfur, and al.1 constituents 
are 1n tha aol.1d. state. 
Prom Tab1e XL , 1t oan be eat1m&te4 rougbl.y that the 
su1f'ides of the a1kal.i meta1s shou1d be situated near 
those o:r a1kal.i earth metals 1n Figure 2l.; A12S,, MgS, and 
Bes shou1d be bel.ow MnS and above Bas; s1s2 and SnS are 
1n the crowded group. 
Though many comb1nat1on are poss1bl.e for the reduction 
o:t metal.lie su1f'ides by other metal.a, yet the only large 
sca1e commercial. appl1cat1on 1s the iron precipitation 
process for antimony b wh1ch stibn1te is reduced directly 
to antimony metal with metallic iron. This :tact can be 
expla1ned by the following discussion f'rom which the 
mechanism of' these reactions can be more clearly wider-
atood. 
1) The use o:r metal as a reducing agent is li~ted by 
the relatively small difference in the reduc1b1lities or 
0 
Z Mn • S, = Z Mn S 
2Sr • S, = ZSrS 
2Ca • S, ~ .2CaS 
1.38 
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Tab1e XL Heat of Formation of Su1f1des 
(Kg.ca1. per 32.06 g. of s) 
Sulfides Sm1thel1s( 100) Hodgman(101) 
Li.2S ----~ 115.4 
Na2s 88.5 89.85 
~s 95 88.17 
Rb2S 87 87.69 
Cs2s ------- 87.46 
Bes 56.1 ~------
MgS 84.2 82.2 
CaS 114.3 113.5 
SrS (113) 113.02 
Bas 111 111.1 
Al2S3 40.5 42.1 
ZnS 45.0 45.88 
MnS 44.4 47.31 
S1S2 ---- 16.01 
SnS 18.2 
-----
T12S (22) 22.0 
(100) Sm1the1ls, c. J., op. cit. p.432. 
(101) Hodgman, c. D., op. cit. pp.1496-1520 
~tabi11t1es of the su1:f1dea except those of the alkali 
~arth meta1a, and possibly those of the a1kal.1 metal.a, 
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a1um1num, and magnesium. 
11) The curves f'or c~ and ~s are situated at such 
a high position that it 1s not possible to use carbon 
and hydrogen as reducing agents :ln a manner comparable to 
their use 1n the meta1lurgy o:r oxides where they are 
popu1ar because o:r their cheapness. 
111) The re1at1vely low position o:r the so2 curve 
indicates the possibility o:r roasting most of' the meta11:1c 
sulf'1des to oxides, thus i:f an attempt is made to reduce 
metallic su1f'ides in the presence of' air, oxid1z1Dg 
roasting may take p1ace s1multaneous1y or even more pre-
dominantly. 
iv) The m1sc1b111ty between meta1s and their su1:f1des 
in mo1ten state due to the sma11 dif'f'erence in specific 
gravity or because of mutua1 solub111ty is more marked 
than between meta1s and metal oxides. 
v) Su1f'1des f'orm many compounds with other su1f'1des 
such as sulphos111cates, sulphostarmatea, sulphoarsen1tes, 
sulphoantimonites, sulphobismuthi.tes, etc., similar to 
slags 1n oxide systems. Usually the m1sc1b11ity between 
such mattes and metal.a is higher than between slags and 
metals. 
As a result o:r the above stated :facts, the pref'eren-
t1a1 reduct1on of' meta11:1c su1f1des 1a not widely used 
commercially as it is ror oxides. 
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b) The Effect of Vacuum on Reducibility 
When reduction 1s carr1.ed out under vacuum. the situa-
tion is dif'f'erent :from that discussed 1n the prertous 
section. 
It is evident from thermodynamic considerations that 
meta1lurgica1 reactions are favored by maintaining a re-
duced pressure over the system 1:f gaseous products, either 
meta1s or compounds, are :formed from solid or liquid 
reactants. The e:r:reot of pressure on free energy at 
constant temperature ca be expressed as follows:-
(54) 
1f' the gas obeys the perf'ect gas 1aw. Referring to the 
standard f'ree energy change, llF0 • 1n which pressure is 
equal to one atmosphere, equation (54) can be transformed 
into: 
~F = RT 1n P --------------------------- (55) 
where P is the pressure o:r the system expressed 1n atmos-
phere. Such corrections are plotted in Figure 21. The 
pressure correction is of' great s1gnif1canoe 1n the 
vacuum reduction of' metal.lie sulf'idea, due to the tact 
that -AF0 'V:B. T curves :for meta111c au1i'idea are bunched 
together. i.e., the d1.fferences 1n the stabilities or 
reduclbilitiea of metallic sulfides are veey smal.1 so 
tbat the pressure correction of AF may even reverse the 
direction of the reaction. It can be clearly seen from 
the :following numer1ca1 illustration. 
P = 10 microns= 1.316 x 10-5 atm. 
T: l000°K 
AF= RT ln P = (4.575)(1000)(1og 1.316 xio-5) 
= 23.4 Kg.ca1./gram-mole. 
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23.4 kg.cal. per gram mole 1a a relatively large :f1gu 
as compared to the -M0 dif':ference between those su1:t'1des 
for which AF° u. T curves are closely grouped together. 
Furthermore, when operating the reduction under 
vacuum, there are the following advantagea:-
1.) The continous removal o:r the gas produc!Ja f'rom the 
system w111 cause the reduction to proceed to completeness, 
and no revers1ble reactions can take place. 
11) Both the reactants and the products are protected 
f'rom the attack of the air, no ox1dation o:f the metal or 
sul:fide take place. 
c) Volatll1t1es of' Metals and Meta1 Sulf1.des 
Based upon the d1.acussion 1n the prevj.oua section, 
the vacuum reduction processes may be conveniently clasa1-
f'1ed · 1nto the :rollowing two types:-
1) MS + M' = M'S _. M (volatile) 
11) MS + M' : M'S(volat1le) + M 
In both reactions, the reactants should have relative-
ly low volatility so that tbtly can react with each other 
erore they volatilize separately. 
The volatilities o:r metallic sulfides have been 
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investigated and their periodic relation to the position 
of their respective metals 1n the periodic table have 
been discussed 1n the last chapter and summarized in 
Figure 20. The vapor pressure data. of' meta1s available 
up to 1949 have been compiled by lbsbman ( l02). From such 
(102) Dushman, s. op. cit. pp.746-751 
data, Figure 22 baa been prepared to show the re1ative 
volatilities of' elements 1n relation to their atomic 
numbers. The values f'or P, S, Te, Se, Br, and I are found: 
by extrapolatlllg the vapor pressure data compiled by 
Stu11(l.03). In Figure 22, the temperature at wh:lch the 
(103) Stull, D.R., op. cit. pp.540-550 
elements have a vapor pressure of' ten microns are pl.otted 
~gainst the atomic number, the sol.id lines represents the 
lines connecting the experimental data; and the dotted 
lines represent the predicted relations by assuming that 
periodic law hol.da. The higher the el.ement situated 1n the 
figure, the l.ess is its volatil.ity. The periodic rel.ation 
is very evident as shown 1n Figure 22. In the first two 
short periods, the non-volatility raises to a maximum .at 
the center of' the periodic table, i.e., a and Si. For the 
later long periods, if they are taken as a whol.e, the 
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center point wi11 be situated 1n the eighth group; but if 
divided 1n half so that the two sub-groups are treated 
singly, the center points will 11e 1n group IV or V. As 
shown in Figure 22, maxima are observed in V, Cb, and Ta 
(W 1s slightly higher than Ta) in family A; Ge, Sn, and 
in family B; and Co, Ru, and Os for the whole periods. 
e vertical relations are also evident rrom the following 
1st in which the volatility increases with the direction 
arrow. 
Li Na K Rb Cs 
Hf Zr- Ti 
Ta Cb V 
W Mo er 
(Os Ir Pt) 
Zn Cd Hg 
{Ru Rh Pd) {Fe Co Ni) 
Ga In T1 
Ge Sn Pb 
Bi Sb As 
Te Se S 
I Br Cl 




A Ne He 
The alkali ea~th metals have nearly the same vo1a-
11ity. The abnormality of silver is also observed in 
ther periodic relations such as the atomic radius, 
e1t1ng point, etc. 
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For the convenience of discussion. we may arbitrarily 
call those metals below 1000°K in Figure 22 as volatile 
metals; their order of increasing volatility ls arranged 
as follows: 
Pb B1 Sb Ba Tl Ca Sr Li Mg Zn Na As Cd K Rb Cs F_g 
This order agrees with that prepared by Kroll(io4 )_ 
(104) Kroll. w. J •• Melting and Evaporating of Metals 
in Vacuum, Trans. Electrochem. Soc. Vol.87. 
(1945). p. 578. 
From the stability and volatility data. the possible 
vacuum reduction processes can be predicted as will be 
discussed in the next section. 
d) Reduci.ng Agents 
The poss1.ble reducing agents may be more conveniently 
discussed according to the types of reactions classified 
in the last section. 
1) MS t M' - M{volatile) + M1 S 
M may be any one of the seventeen volatile meta1s. 
the pos81ble reducing agents M' are discussed separately 
as follows. 
Though HgS 1.s the most volatile sulfide. yet Hg is 
the most volatile metal. The volatility of the former 
is small as compared with the latter; ror example. the 
temperature at which Hg and HgS have a vapor pressure of' 
ten microns are 46 and 40o0 c respectively. As a conse-
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quence of this :fact, the conventional method :for extract-
ing mercury from its sulfide ore, cinnabar, is based upon 
the following reactions:-
HgS + o2 = oo2t+ Hgf 
4HgS + 4Cao= 3Cas+ CaSo 4 _. 4Hg t 
HgS + Fe - FeS + Hg f 
There appears to be no advantage in the recovery 
of' mercury by a vacuum reduction method, :for it is not 
necessary to protect it from attack by the air. 
For sulfides o:f alkali metals, it is difficult to find 
~ reducing agent which should be re1at1vely non-volatile, 
~nd yet powerful enough for desulfurizing. Possibly 
:alcium can be used as a reducing agent :for cs2s, Rb2s, 
tc2s, and Na2s but not for L12S, from the considerations 
>:f the relative volatility and thermal stability. The 
success o:f these reduction processes will depend upon . 
~btaining an appreciable reaction at a temperature where 
~he calcium metal has a negligible volatility. 
There appears to be no way to reduce the sulfides 
,:r alkali earth metals because of their highest thennal 
stability in the sul~ide series. 
For lead, bismuth, antimony, thallium and arsenic, 
though their sulfides are easily reduced, the volatilities 
ao not di:f:fer greatly :from that o:f their respective 
au1:f1des. If vacuum reduction processes :for these sulfides 
tre carried out, the sulfides may volatilize before being 
148 
reduced or vo1ati1ized together with the reduced meta1s. 
D. Gardner (l05) has patented processes for producing 
(105) Gardner, D., Brit. Patent 465,366, May 6, (1937), 
A.C.A. Vo1. 31, (1937) p. 7835.; Brit. Patent 
465,421, May 7, (1937), A.C.A. Vol. 31, (1937), 
p. 7835; Brit. Patent 472, 149, Mar. 24, (1938), 
A.C.A Vo1. 32, (1938), p. 6610.; Brit. Patent 
482,157, Mar. 24, (1938), A.c.A. Vol. 32, (1938) 
p. 6610. 
magnesium sulfide and then reducing it by heating with 
aluminum, calciu~, or calcium carbide in an inert atmos-
phere at temperatures over 1300°0. It is quite possible 
to carry out this process under vacuum at a lower tempera-
ture as in the ferrosilicon reduction of magnesium oxide. 
The conventional production method for zinc consists 
in dead roasting its sulfide into oxide, reducing the 
oxide by carbon, and disti11ing and condensing the reduced 
metal. It is :possible to reduce zinc sulfide directly 
(106,107) 
with copper or iron under vacuum, or with 
niore powerful reducing agents such as aluminum, calcium, 
(106) Gross, P, and Mrs. \1arrington, M., The Reduction of 
Zinc Sul:fide by Iron Under Reduced Pressure, Discus. 
o:f Faraday Soc., No. 4, (1948) pp. 215-217. 
:107) Liu, T. s., Reduction of Zinc Sul:fide in Vacuum, 
Master Thesis, ( 1949), Library of School of ~!inea 
and Metallurgy, University of Mo. Rolla, Mo. U.S.A. 
:alc1um carbide, etc. The important requirement of the 
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vacuum reduction or zinc sulfide is that the reduction 
should proceed with an appreciable rate at such a low 
temperature that the volatility of zinc sulfide is 
negligible. This problem will be discussed in detail 
in the subsequent section based upon the experimental 
results for the reduction of zinc sulfide with calcium 
carbide. 
For cadmium, the metal and its sulfide are more 
volatile than zinc metal and zinc sulfide respectively, 
but cadmium sulfide is less stable than zinc sulfide. 
Thus it is possible to reduce cadmium sulfide at a low 
tempera°'ure to minimize the sublimation loss of cadmium 
sulfide. The reducing agents for cadmium sulfide could 
be the same as those used for zinc sulfide. 
11) MS :t M' : M'S (volatile) + M 
M may be any one of the non-volatile metals; the 
reducing agent, M', should be relatively non-volatile 
and its sulfide should be both relatively volatile and 
stable. Thus the most probable reducing agents would be 
silicon and tin. 
In general, silicon has a stronger tendency to form 
1ntermetal11c compounds than does tin, thus it may be 
difficult to produce pure metal by using silicon as a 
reducing agent. However. some silicides have remarkable 
properties such as hardness, resistance to oxidation, 
etc., so that it may be desirable to produce such silicides 
150 





This reaction w111 be discussed later based upon 
the experimental results for reduction of ferrous sulfide 
and molybdenum disulfide by silicon. 
Using tin as reducing agent has the following 
addit1ona1 advantages:-
(1) The by-product, stannous sulfide, is a stable 
compound resistant to the attack of moisture; it can be 
used as a rich tin ore or for other purposes. On the 
other hand, silicon monosulfide is very easily hydrolyzed, 
and the final product, Sio2 is not worth reclaiming. 
(2) Tin has a ve-ry low melting point and a high 
specific gravity, these properties permit the separation 
of the excess free tin in the residue from the metal 
produced by a simple liquating process at rather low 
temperatures at which the metal will not be oxidized. 
On the other hand, the use of tin as a reducing 
agent has the disadvantage that the weight of tin re-
quired will be about four times that of the weight of 
silicon required for reducing the same amount of other 
sulfides because the atomic weight of tin is (118.70) 
as com~ared with that of silicon (28.06). 
The desulphurizing action of tin will be discussed 
further in the subsequent section based upon the ex-
perimental results of the reduction of molybdenum 
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disulfide with tin. 
A1uminum bas a fair affinity for sulfur as estimated 
before. and the sulfide has some volatility as can be 
seen :1n Figure 19. It appears possible to use aluminum 
as a reducing agent at relatively high temperatures 
(1200 to 1500°c) at which aluminum sul:fide will be 
volatilized and leave the reduced metal in the residue. 
The possible formation o:r aluminides presents the same 
disadvantage as found in using silicon as a reducing 
agent. The stability series of aluminides has been 
(108) prepared by Kroll based upon the heats of' formation 
(108) Kro11 9 \f. J. 9 Rare-Metal Metallurgy. Metal Industry. 
Vol. 739 Oct. 8. (1948) ~. 285. 
at room temperature; the order of' increasing affinity 
of' the elements with aluminum is arranged as follows:-
Fe Cu Mn Ca C Ce Co Ni S 
The heats of formation of' the intermeta11ic compounds 
.. ( 109) 
as investigated by F. Korber are by no means small; 
(109) Korber. F •• Relation Between Heats of'·Formation9 
Structural Constitution and Pronerties of' Some 
Alloys. Stah1 und Eisen. Vol. 56. (1936) pp. 1401-
119 Trans. No. 369. 
they are of' the same order as the heats of' formation of' 
the oxides and sul:fides which are better known. In order 
to stress this point which is usually neg1ected by 
metallurgists, Table ~ has been prepared for the 
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comparison o:f heats of' :formation of intermetallic compounds 
with those o:f the oxides and sulfides. 
Table XLI Comparison of Heats o:f Formation 
of Intermeta111c Compounds with 
Those of' the Oxides and Sulfides 
(Kg. Cal. per gram mo1.) 
FeO 65 FeS 23 FeS1 
Coo 57. 5 Cos 19 • 7 Co Si 
N10 58.6 NiS 19.5 N1Si 
e) Conclusions 
19.2 FeSn 
22 Co Sn 
20.2 
2 FeAl 12.2 
7 .2 CoAl 26.4 
37.5 NiAl 34 
7 .2 cu2Al 16 
The thermal stabilities or the free energies of 
:formation o:f metallic sulfides and the volatilities o:f 
the metals and their sulfides are the theoretical basis 
o:f the vacuum metallurgy o:f sulfides. It is important. 
to appreciate that :free energy values give only information 
~n the equilibrium, but do not indicate anything regarding 
the reaction rates. At higher temperatures the :factors 
~hich limit the rates o:f reactions are likely to be less 
ef':fective and the need :for providing special catalysts 
less important. The reacting temperature at wh1.ch the 
reaction proceeds at a measurable velocity, and the 
pptimum conditions :for recovery of the metals must be 
round by experiment. 
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The therma1 stab111ties of intermetal1ic compounds 
and mattes, and the miscibilities between the mattes 
and the metals are also important in predicting the 
possibilities or the vacuum reduction processes or metallic 
sulfides. 
Attention should also be paid to the hydrolysis of 
~etal1ic sulfides, for the calcination of the hydrolyzable 
sulfides may disturb the charge mechanically and made 
the reduction impossib1e. 
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2. Experiments on the reduction o:r Zn :from ZnS by cac2 
a) Introduction 
i'he reduction o:r zinc :from its minerals with calcium 
carbide was investigated by L. Hackspill and M. L. Jung-
(110) fleisch. They determined that the :following reaction 
(110) Hackspi11, L. and Jung:f1eisch, M. L., Isolation 
o:f Zinc :from Any Kind o:r 1'-linerals by )leans o:r 
Calcium Carbide, Comp. Rend. Vol. 223, (1946), 
pp. 181-182. A. C. A. Vol. 40, (1946), p. 7109. 
0 is strongly exthermic, and begins at 700 to 800 Cina 
vacuum or in an hydrogen atmosphere. 
ZnS + cac2 : Zn + cas + 2c + 55 Cal. 
They a1so studied the di:f:ferent catalysts :for 
this reaction, and :found that sodium chloride is the best 
one and also makes the sulfide residue soluble in water. 
The reduction o:r zinc :from its su1:fide by calcium 
oxide and carbon, by iron, and by copper was studied by 
Liu{lll) in this laboratory. The main di:f:ficulty o:r 
(111) Liu. T. s., op. cit. 
such processes is that the reaction temperature required 
is too high, and some o:r the zinc su~riae is sublimed 
before being reduced. Since calcium carbide is a powerful 
reducing agent, it seemed worthwhile to investigate the 
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reduction of' zinc f'rom its sulf'ide by means of' calcium 
carbide to determine the reaction temperature and the 
amount or sublimation of' zinc su1f'ide. 
b) Exnerimenta1 Jata 
In order to make the reduction complete. an excess 
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The :purity of' commercial calcium carbide is usually 
1ow. the actual proportions of' the reactants along with 
the experimental conditions are listed in Table XLII. 
Notes f'or Table _XLII:-
1) The composition of' the charge in terms of' the 
elements is calculated f'rom the composition 
of' the raw materials which are listed as f'ol1ows:-
a) ZnS (Technical powders) 





Zn 67 .09% ( balanced) 
b) NaCl (U. s. P. granu1ar) 






Free C 0.89% 
Inso1ub1es 0~25% 
Cao 17 .66% (ba1ance) 
2) Mater1a1 ba1ance:-
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The weights of' the charge and the residue 
are actua11y weighed; and those of the 
distil1ates are ca1culated. 
Wt of distillate : \it of' Charge - Wt o:f Reei 
Nature of' the oroducts 
The physica1 and chemical nature of' the different 
products from dif'ferent experiments are shown in Figure 
23. Owing to the fact that it ls impossible to get 
the exact amount o:f different dist111ates, however, 
their re1at1ve aboundance will be shown in the figure. 
C) Chemical ana1ysee 
Potassium f'errocyanide titration was used for 
the determination of zinc, barium sulfate precipitation 
was used for eu1:t'ur after doub1e treatment with potassium 
chlorate to remove the free carbon either present in the 
cac2 , or from the reaction between ZnS and cac2 , Si1ver 
nitrate titration was used f'or chl.orine af'ter remova1 
of the sulfur ion with Cuso4 solution and neutra.1ization 
E periment 






























Experimental Data. for 
ZnS-CaC 2 o..."1.d ZnS-CaC 2-naCl 
16S 164 165 166 167 
900 1100 900 800 1100 
160 180 152 150 160 

















·- - -Total 10.780 1S.70S 
-
Zn 27.21 21.40. 







Ca 37.69 29.65 
0 2.99 2.S6 
Conbined C 18.07 14.22 
Freo C 0.53 0.42 
Insolui)les o.15 0.12 
-
Total 99.99 100.00 
Cho.rc;e 10. 780 10. 780 13. 703 lS.703 lS.703 
Residue 9.510 9.417 9.203 9.S6S 10.471 
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of' the OJr to a pH value of around 7, both S- and Olr 
are produced from the following reaction:-
Ca(OH)2 + ca(SH)2 
8 percent potassium chromate solution is used as the 
indicator for titration of' c1- with silver nitrate 
solution. 
Free carbon in the residue was estimated as follows:~ 
The sample was dissolved in HC1, diluted and filtrated; 
the free carbon and the insolubles remained on the 1'11ter 
pa~er. The filter paper was dried and the combined 
weight o:r the free carbon and the insolubles were weighed. 
The free carbon was burned of'f' in an electric furnace, 
then both free carbon and the insolubles were estimated. 
By subtracting the f'ree carbon which was present in 
CaC2 from the free carbon in the residue, the carbon 
produced in the following reaction can be estimated:-
CaC2 + ZnS CaS + Zn+ 2C 
This would be a rough indication of the extent of' 
the reaction mentioned above. 
The Cac2 in the raw material. was determined by 
measuring the volume of' c 2"2 produced when the cac2 was 
treated with water. Owing to the fact that the reaction 
between cac2 and water is vecy vigorous, and that there 
1s appreciable solub11ity of' c 2H2 in the water, the 
water. was added to Cac2 drop by drop, and mercury was 
used for leveling instead of water. 
The :free carbon and insolub1es in the cac2 was 
estimated in the same way as in the residues. 
d) Calculations 
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The material ba1ances for Zn, s, and 01 are listed 
1n Table XLIII. 
1) A11 weights in the table are expressed in terms 
o:r grams. 
*2) The weights of Zn, s, and Cl in the distillates 
are obtained by the difference between those in 
residue and the charge, i.e.:-
Wt of distillate= Wt of charge - Wt of residu 
#3) The weights of free carbon from the following 
reaction 
ZnS + CaC2 Zn+ cas + 2c 
is obtained by the difference between that of 
total free carbon estimated by a rough chemical 
analysis, and that of free carbon which was 
present in the raw cac2 (0.057 gram in the 
charge), i.e.:-
Wt of free C from reaction = Total :free 
carbon - 0.057 
The equivalent Zn produced 1s calculated from 
the chemical equation mentioned above. 1.e.:-
Wt of free C from reaction 
Equivalent Zn produced 
- 24.00 
- 65.38 
**4) The weight or the •others• in the residue is the 
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Tabl.e XLIII Laterial. Balance f'or Zn Sand Cl 
Experiment Ho~ 163 164 165 166 167 168 
Zn % in Residue 18.64 17.30 0.62 3.95 0.46 0.92 
Wt in Residue 
... 
1.773 1.629 0.057 0.394 o.048 0.100 
Wt in Distillate 1.160 1.3c4 2.876 2.5)9 2.885 2.833 
Charge 100.0 100.Q 100.0 100.Q 100.0 100.0 
Balance Residue 60.4 55.6 1.9 13.5 1.6 3.4 (wt.%) Distil. 39.6 hh-4 98.1 86.5 98.4 96.6 
s % in Residue 13.78 14.1:4 5.44 6.46 ll.82 12.55 
Wt in Residue 
.. 
1.311 1.360 0.501 o.644 1.236 1.359 
'1t in Distillate 0.126 o.c79 0.938 0.795 0.201 0.080 
Charge 1100.0 100.0 100.0 100.0 100.Q 100.0 
Balance Residue 91.1 94.5 34.8 44.7 98.6 99.4 (wt.%) Distil. 8.5' 5.5 65.2 55.3 1..4 0.6 
Cl ~ in Residue 
--
--
12.77 14.20 15.94 16.35 
~.lt in Residue 
... 1.175 1.416 1.669 1.770 
~tin Distillate 
-·- --- 0.598 0.357 0.104 0.003 
Charge ~-- - iOO.O 100.0 [1.00.0 tl.00.0 
aa:I.ance !Residue P---
---
66.2 "l9S 94.1 99.8 
Pistil. -
--
33.8 20.1 5.9 0.2 
Free % in Residue 3.26 4.22 2.93 2.93 a.ss a.ea 
C Wt in Residue 0.310 0.398 0.270 0.290 o.a95 0.955 
Wt i'rorn. 
Reaction 11 0.253 0.3h]. 0.213 0.233 0.838 o.898 
Equivalent to 
Zn produced I 0.690 0.930 o.5ao 0.635 2.280 2.447 
Residue Zn 1.773 1.629 0.057 0.394 0.04a 0.100 
\1t.(g.) s 1.311 1.360 0.501 o.644 1.238 1.359 
Cl 
-- --
1.175 1.1:].6 1.669 1. 770 
Others'"' 6.u6S 6.h65 1.61r; 7 .61r; 7.61c; ? ... ~l~ 
Total 9.549 9.4S4 9.348 10.069 10-570 10.8hh 
~ctual Total 9.5)..0 9-hl.7 9.203 9.963 10.l:71 10.827 
Loss of 
Others 0.039 0.037 0.145 0.106 0.099 0.017 
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sum of' the weights of the other elements besides 
Zn, C1, and S in the residue. by assuming that 
there would be no 1oss of these elements during 
the reaction. Actually, there are some 1osses 
of these elements. which can be calcul.ated by 
the d1f'f'erence between the ca1culated and the 
actua1 weight of' the residue. 
e) D1scuss:1on 
1) Meta111c Zn produced 
Though the total l.oss of Zn varies from 39.6 pe~ 
cent to 98.l. percent the metallic Zn produced is some-
what l.ess than these amounts. Owing to the fact that 
1.t 1.a impoes1bl.e to collect all of' the metall.1.c Zn 
produced, it 1.s desirabl.e to make the following assum-
t1.ons in order to calcul.a te the meta111c Zn produced. 
~- A11 S d1.at1.l.led is 1.n the form of' ZnS. Thi.a 
assumption is Justified because 01' the high vol.atility 
of' ZnS as compared with that of CaS and Na2s, and be-
cause of the relatively high stab111 ty of CaS and ZnS 
against d1ssoc1ation; furthermore, the white condensate 
of ZnS was observed in certain reg1ona of the graphite 
tube. 
b. The loss 01' weights 01' "Others" are attributed to 
mechanical l.o as or exper1.mental error in Exper1.ments 
No. 16}, 164. and 168; and attributed to Na in Experiments 
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No. 165. 166, and 167. In the f'ormer case. they can be 
neglected because of their sma11 amount. In the 1atter 
case. the poss1b1e vo1at11e substances are NaCl, ZnO(?), 
and CaC12(?); the fo11ow1ng reasons are used to support 
the assumption that only Na w111 be attributed to the 
loss oi' weight of ''Others":-
(1) Vapor pressure data:- The temperatures 
in degrees centigrade at which the following substances 






1288 (calculated i'rom our experiments: 
Ii' ZnS is observed in the condensate. it is assumed 
that NaCl will also sublime at the same temperature. 
(2) No Ca is present in the dif'ferent condensates 
(as determined by precipitation with ammonium oxalate 
solution). 
(3) Whether ZnO can be formed in the presence 
of small amounts of Cao and an excess oi' free carbon is 
quite doubtful • 
.9.. The loss of' ca is assumed to be due to the 
sublimation of' NaCl. The excess oi' C1 distilled above 
that attributed to :Na. will be assigned to the subli-
mation of' ZnC12 for 1 t has a very high vapor pressure 
( the temperature for Pmm = l. is only 428°c). furthermore 
the presence of' a hygroscopic substance in the coldest 
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graphite tube w111 a1so support such an assumption. 
Based upon the above assumptions, the results of' 
the calcu1at1ons are 1isted in Tab1e XLIV. 
Tab1e . ~IV Recovery of Metal.11c Zinc 
Experiment No. 163 164 165 166 167 168 
Disti1led Total. amount 1.160 1.304 2.876 2.539 2.885 2.88~ 
ZnS 0.262 0.162 1.915 1.624 0.4090.16; 
ZnC12 ----- ----- 0.345 0.178 ----- ----




Free Zn calculated from O 690 0 •9 ~ o.sao o.635 2.2802.44~ free C in residure • JV · , 
Distribut1on ot in ZnS 22.6 12.4 66.6 64.0 14.2 5.E 
disti1led Zn in ZnCl ---- ---- 12.0 7.0 ---- ---(wt%) 2 
Free Zn 77 .4 87 .6 21.4 29.0 85.8 94.f 
Total. 100.0 100.0 100.0 100.0 100.0100.c 
Distr1but1on ot Residue 60.4 55.6 1.9 13.5 1.6 3.l 
total Zn (wt%) In ZnS 9.0 5.5 65.3 55.4 14.0 5.t 
In ZnCl.2 ----- ----- 11.8 6.0 ----- ----
Free Zn 30.6 38.9 21.0 25.l 84.4 92.C 
Total. 100.0 100.0 100.0 100.0 100.0~0.c 
Though the amount of free Zn cal.cul.a ted from the 
free carbon 1n the residue ( Table XLIII) 1s around 
10 to 20% lower than that ca1cu1ated in Tab1e XXXIV 
due to the rough method of carbon analys1s, it is st111 
a good indicator of the free Zn distil.led. 
Comparing the free Zn di.stilled in different ex-
periments, No. 168 shows the best results, about 92 
percent of the Zn is recovered as metal11c Zn with a 
purity of 99.4 percent. According to these experiments, 
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the reduction of Zn from ZnS by CaC using NaCl as 
2 
catalyst will give the best results when the mixture 
0 is heated to 900 C under an inert atmosphere; higher 
temperatures wi11 increase the loss of Zn as dist11led 
ZnS. The absence of NaCl w111 drop the recovery of 
metallic Zn a-s sho'tm in Experiment :No. 164 ( even though 
the reacting temperature is increased to 1100°c). If a 
vacuum is used instead o:r an inert atmosphere, about 
two thirds of Zn 1s sublimed as ZnS, in addition, the 
evolution of products is so vigorous that some of the 
unreacted mixture is blown out of the czucible (which 
has been taken into consideration in the calculations); 
and some ZnC12 is :fonoed and sublimed together with NaCl. 
11) Sublimation of ZnS 
The relatively high volatility of ZnS 1s the 
main objection of the vacuum metallurgy o:r Zn by using 
ZnS as raw material. Tlds object1on 1s shown very 
obviously in Experiments No. 163, 165, and 166. The 
subl1mation of ZnS is increased greatly in the presence 
of NaCl. Perhaps some ve-ry volatile compound such as 
s2ci2 (melting point= -8o0 c) is :formed to remove 
some of the s, then the amount or ZnS distilled is lower 
than calculated by the method used be:fore. However, 
the aboundance o:r the condensate still shows the re-
1at1vely large amount of ZnS sublimed in Experiments 
165 and 166, and the relatively small amount of 
l.66 
metallic Zn condensed on the graphite tube. 
111) Reacting temperature 
The higher the temperature, the faster wil.1 
be the reaction rate; and the l.arger the amount of Zn 
will be l.ost as ZnS. Comparing the results of Exp. No. 
167 with those of Exp. No. l.68, where the temperature 
is increased from 900 to 1100°c, it can be seen that 
the amount of Zn distilled is increase from 96.6 pe:r-
cent to 98.6 percent, the recovery of Zn in the state 
dropped from 92.0 percent to 84.4 percent. 
1v) Reactins atmosnhere 
The react1.on between ZnS and Cac2 is strongly 
exothermic, as mentioned before, and the boiling point 
for metal11.c Zn is 906°c. There is no need to conduct 
this reaction in vacuum to shift the direction of the 
reaction, as was done 1n the reduction of ZnS by Fe, or 
to boil the metal formed. The only advantage in using 
a vacuum in this process is to protect the Zn and ZnS 
from oxidation; however, this causes some ZnS to 
sublime before it is reduced by Cac2 if the temperature 
is high enough, thus the recovery of Zn as metallic Zn 
is reduced. The results of Experiments 165 and l.68 
show the advantage of usi.ng an 1.nert atmosphere instead 
of a vacuum. 
v) Effect of NaCl. 
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The effect of NaC1 can be observe by compar-
ing the results of Exp. No. 167 with those of Exp. No. 
164. Other conditions are nearly the same, but the 
amount of Zn distilled is increased from 44.4 percent 
to 98.4 percent, and the recovery of metallic zinc is 
increased from 38.9 percent to 84.4 percent due to 
the presence of NaCl. This may be explained by the 
fact that the presence of a liquid phase (melting point 
of NaCl is 801°c) would make a good contact between 
ZnS and Cac2 particles which will naturally increase 
the reaction rate. The following chemical. reactions 








+ 2Na :: Zn + 
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3. Experiments on Desu1fur1zat1on o:f FeS with Si 
a) Introduction 
As discussed before, sil.1.con is a 1ike1y 
desulfurizing agent for the :following reaction, especia11y 
under vacuum:-
MS + Si = M + S1S ( volatile) 
The desu1furizat1on o:f pig iron via gaseous 
silicon monosul:fide has been recently investigated by 
W. Oelsen and H. J.laetz <112>. They :found that i:f silicon 
(112) Oelsen, W. and Maetz, H., Metallurgical Principle 
o:f the Blast Furnace Process. Arch. Eisenhuttenw. 
Vo1. 20. (1949). pp. 53-58. A.C.A. Vol. 43, ( 1949) p. 4612a. 
is added to su1iur-conta1ning pig iron as :ferrosilicon. 
only silicon monosu1:fide boils o:f:f; if silicon is 
reduced :from quartz sand in the pig iron melt the silicon 
monosul:fide is much diluted by carbon monoxide and its 
:formation starts at a lower silicon content; but it 
requires even under these ve-ry favorable conditions 
sti11 more than 10 percent silicon in the iron to 
arrive at a technically permissible :final sul:fu.r content 
of less than 0.05 percent. Therefore, they concluded 
that this process is not of commercial importance. 
Evidently, if this ~rocess is carried out under 
vacuum, the condition would be more :favorable, thus 
several experiments were perfonned to reduce ferrous 
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sulfide with silicon under vacuum The possible chemical 
reactions are listed as follows:-
FeS .f. Si -
-
Fe + S1S 
2FeS + Si = 2Fe + Si52 
SiS2 : FeSi + iS2 
Fe + Si : FeS1 
FeSi + FeS - 2Fe + SiS 
Furthermore, iron can dissolve silicon up to fifteen 
weight percent. 
b) Experimental Results 
As shown in the chemical reactions listed in the 
1ast section one atom of silicon may take one atom or 
sulfur from ferrous sulfide to form silicon monosulfide, 
or take two atoms of sulfur to form silicon disulfide. 
Both reactions are possible, and their proportion is 
unknown, however, the following molecular ratio is 
used in the charge for the experiments to be described:-
FeS . . Si -
-
1 . . 1 
The corresponding weight ratio is as follows:-
FeS : Si -
-
21.9775 . . 7.0150 
These figures in grams are the actual weights of 
ferrous sulfide and silicon metal used in the charge 
except Exp. No. 3, 4, and 5 in which less silicon metal 
was used. 
The experimental data and the results of calculations 
are listed in Table XLV. The nature of the distillate 
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is shown i.n the :rollowing Figure whi-ch is plotted based 
upon the chemical analysis and the results o:r calculations 
li sted in Table XLV. 
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Table XL V Experimental Results for the Reaction FeS + Si 
Experiment No. 1 2 3 4 5 6 7 
1. Temperature (OC) 900 1000 1100 1100 1000 1100 1100 2. Time (minute) 260 260 260 260 540 260 520 3. Vacuum (micron) 12 .3 12.0 12.5 15.0 12.0 13.7 13.0 
4. Composition Fe 14~Cll 14~011 17 .198 17.198 17 .198 14.611 14.011 
of Charge s 7.967 7.967 9. 779 9~779 9~ 779 7~967 7.967 (grams) Si 7~015 7.01c; 2~01~ 2~01s 2 ~Cl c; 7 .01c; 7 ~01 t; 
Sum 28.993 28 .993 28.992 28 .992 28.992 28.993 · 28 .993 
5. Composition Fe 48.32 48.32 59~32 59.32 59 .32 48.32 48~32 
of Charge s 27 ~48 27 ~48 33~ 73 33~73 33. 73 27,48 27.48 (weight %) Si 24.20 24.20 6.95 6~95 6.95 24.20 24.20 
Sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
• 6. lv1aterial Charge 28.993 28.993 28.992 28.992 28.992 28 .993 28 .993 
Balance Residue 24.402 20 .590 25.419 25 .428 26.618 17 . 228 16.563 (grams) Dist illate 4.591 8.493 3.573 J .564 2.374 11 . 765 12.430 
7. f aterial Charge 100.00 100.00 100 .CO 100.co 100.00 100.00 100.00 
Balance Residue a4.10 70. 70 87 .60 87. 70 91.90 59 .50 57.10 
(wt . %) Dist ill ate 15.90 29.30 12.40 12 .30 .10 40 .50 42 .90 
8. Composition Fe 57 .29 68 .10 66 .96 67 .13 64.28 1.04 83.20 
of esi ue Si 20.12 16.77 3.01 3.1 4.17 1r.20 l~:~a (wei ght %) s 21 .10 l ~.01 30.8~ 30. 70 31.d7 .12 







Table XLV Experimental Results for the Reaction FeS + Si 
(continued) 
Experiment No. 1 2 3 4 5 6 
Composition Fe 13 .98 13 .96 17.02 17 .07 17.11 l J .88 
of Residue Si 4.91 3.44 0. 77 0~81 1.11 2.62 (grams) s 5.64 3.08 7.84 7. 80 8.h8 o. 71 
I Sum 24.53 20 .48 25 .63 25.68 26.70 17.21 
Fe Charge 14. 01 14.01 17. 20 17.20 17. 20 14.01 Ba.lance Residue 13 .98 13 .96 17. 02 17.07 17 ,11 13.88 (grams) Distillate 0. 03 0.05 0.18 0.13 0.09 0.13 
Fe Charge 100. co 10 .co 100.co 100.00 100;00 100.00 
Ba.lance Residue 99 . 78 99 .64 98.95 99 .24 99 .48 99 .07 (wt . %) Distillate 0. 22 0.36 1.05 o. 76 0.52 0.93 
s Charge 7.97 7.97 9. 78 9.78 9. 78 7.97 Balance Residue 5. 64 3.08 7.84 7.80 8.48 0. 71 (grams) Distillate 2.33 4.89 1.94 1.98 1.30 7.26 
s Charge 100;00 100.00 100.00 100.00 100.00 100. 00 Balance Residue 70.80 38.60 80.10 79 . 70 86. 70 8.90 (Yrt . %) Distillate 29 .20 61.40 19.90 20.30 13.30 91 .10 


























Tabl e XLV Experimental Results fort' e Reaction FeS + Si 
(cont i nued) 
Experiment No . 1 2 3 4 5 6 7 
15. Si Charge 100.00 100~00 100.00 100~00 100~00 100. 00 100.00 Balance Residue 70.00 49~00 38.00 40~00 45.00 37~30 33.40 (wt. %) Distillate · 30.00 51.00 62 .00 60,CXJ 55!00 62 . 70 66,60 
16. Composition Fe 0~03 0.05 0.18 0.13 0.09 0.13 0.23 
of Distillate s 2~33 4.89 1,94 1~98 1;30 7~26 -7 .56 
(calculated) Si 2.11 3.58 1.25 1~21 0.91 4;hO 4~68 
(grams) Sum 4.47 8,52 3.37 3.32 2.30 11.79 ~2.47 
17. Composition Fe 0~67 0.59 5.35 3.92 3.91 1~10 1.84 
of Distillate s 52~lS 57.40 57.55 59~60 56~50 61 .50 60.60 (calculated) Si 47 .18 42 ~01 37~10 36.48 39,59 37.40 37~60 (weight % ) Sum 100.00 100.00 100.00 100.00 100.00 100,00 100.00 
18. Composition of Fe 
------
0.20 
------ ------ 4~25 ------ 4~38 
Condensate I s .------ 56~64 ------ ----- 56~02 ------ 55~85 (analyzed) Si 
------
43.16 














Condensate II s 
------










20. s From 17 1.11 1.37 1.55 1,64 1~43 1.65 1~62 
Si From 18 1~31 1~41 1~43 
From 19 1.30 1,30 1.30 
l.74 
Notes :for Table XLV:-
4, 5. Only the iron content of the iron sul:f1de was 
analyzed by potassium permaganate titration; 
the remainder was considered to be sulrur. 
Silicon metal was considered to be chemically 
pure. The composition of the charge was cal.culat-
ed according to the above assumptions. 
6, 7. The weights of the residues were actually de-
termined; and those o:f distillates were ca1cu1ated 
by the difference between the weight of the 
charge and the residue. 
8. Iron, su1:fur, and silicon were analyzed by 
potassium permaganate, barium sulfate, and silica 
methods respectively. 
9. The weights of iron, silicon, and sulfur 1n the 
residues were calculated by multiplying the lel.ghts 
ot the residues with the percent of these el.ements. 
For instance, the iron content 1n the residue 
of Exp. No. 1 was calculated as fol.lows:-
( 57 .29%) ( 24.402) = l.3.98 grams. 
10, l.2 The weights of iron, silicon, and sulfur in the 
14. dist111ates were calculated :from the dif:ference 
between the weights o:r the charge and the residue 
re s!)ec ti vely. 
16,l.7. The composition of the distillates were cal.culated 
:from the weights of iron, suliur, and silicon 1n 
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the distillate as calculated in 10, 12, and 14. 
18, 19.The iron and silicon contents in the distillates 
were analyzed by potassium permaganate and silica 




Basing upon the exper1menta1 data and the results 
of ca1cu1at1ona listed in Table XLV. the fol1owing 
conclusions may be drawn. 
1) The graded character of the dist111ates are 
obvious from the composition of the distillates, and 
the somewhat imaginary f1gure was drawn .in page 170 ... 
The :free sulf'ur came from the dissociation of silicon 
d1sul:f1de. 
11) The desu1fur1zing power or silicon is increased 










Un:fortunate1y, higher temperature can not be 
obtained in the apparatus used in this investigation, 
It is reasonable to believe that ferrous sulfide can 
be desu1:furized with silicon to a much larger extent at 
0 higher temperatures, for instance, 1200 to 1300 C, be-
cause the sulfur content in the residue drop suddenly 
:from 15.01 to 4.12 percent when the reacting temperature 
increase from 1000 to 1100°c. 
111) The extent or the desu1:furizat1on o:r :ferrous 
aul:fide with si11con is also increased with :increased 









4. Exneriments on Vacuum Reduction of' MoS~ with Si 
a) Introduction 
As discussed bef'ore, both molybdenum disulfide 
and molybdenum metal are highly non-vo1ati1e, and the 
f'ormer shows dissociation at 1100°c, thus it is quite 
possible to reduce molybdenum disulf'ide with silicon 





MoS1 + 2Si : Mo + 2SiS 
SiS2 : SiS + !S2 
Though the heats of' f'ormation of' molybdenum silicides 
have not been determined, yet they are reported as 
stable compounds. E. Def'acqz (113) said that molybdenum 
(113) Me11or, J. W., op. cit. Vol. VI, (1925), p. 192. 
disilicide is not altered by heating to redness in oxygen, 
and not attacked by hydrofluoric acid, hydrochloric acid, 
suli'uric acid, or aqua reg1a. Recently Batte11e Memorial 
Institute investigated the vapor-phase deposition of' 
refractory materiala (ll4 ); they l'eported that the 
(114) Campbe11, I.E., Powell, C. F., Nowicki., D. H., 
and Gonser, B. W., Vapor-Phase Deposition or Re-
fractory Materials, J. Electrochem. Soc. Vo1. 96, 
( 1949), p. 318. 
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me1t1ng point o:f mo1ybdenum silicide is greater than 
1800°c, and the temperature at which the rate o:f attack 
by air would cause severe errosion is above 1700°c. 
0 (500 to 800 C :for molybdenum metal.). Therefore, the 
:fo11owing chemica1 reactions are quite poss1b1e:-
MoS2 i- 2Si - MoS1 + SiS2 
MoS2 + 3Si = MoS12+ S1S2 
MoS2 + 3S1 : J.loS1 + 2SiS 
].IoS2 + 4Si = MoSi2t 2S1S 
b) Exper1menta1 Iata 
The exper1menta1 data :for the experiments on molyb-
denum disulfide along with the results o:f calculations 
are listed in Table . XLVI • The resu1 ts are arranged 
in the order o:f increasing molecular ratio o:f sil~con 
meta.1 to moybdenum disulfide in the cahrge ( row No. 7) 
:from one to :four. 
Notes :for Table _ XtVI: 
6. The composition o:f the charge in percent is 
calculated by assuming that the raw materials 
used are chem1ca1ly pure substances. Actually 
there is ayproximately two to :five percent 
impurities in the silicon meta1 which is neglected 
in the calcu1ations. 
7. Mo1ecular ratio o:f s11icon metal to molybdenum 
d1su1:f1de. 
8. Condition o:f the charges:-
L. P. -- Loose powder. 
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The numbers in this row under di:f:ferent columns 
indicate the pressure in tons per square inch 
at which the charges were compacted. An alundum 
crucible with a cross section of' 5.52 square 
centimeters was used for all experiments. 
9. The weights of the charges and the residues were 
actually weighed, and those of the losses are 
calculated from the differences between those 
of the charges and the residues. 
10. Some of the un-reacted charge was blown out by 
the severe evolution of gases in experiments 1, 
2, 3, 4, and 5, 1n which the charges were either 
loose powders or were compacted at low pressures. 
11. Reaction loss= Total loss - loss due to blowing. 
12. The compositions of the residues are calculated 
by assuming that all o:f the molybdenum in the 
charges remained in the residues after smelting. 
Actually, about o.4 grams or sublimed molybdenum 
disulfide was collected a:fter 13 experiments; 
this small loss of molybdenum is neglected in 
the calculations. The balance to make one 
hundred percent is taken as the percent of the 
remaining elements, silicon, sul:fur, and negligible 
amounts of other elements present as impurities 
3xpe rimenta1 Data and Cal culat i ons for MoS2 - Si 
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in the charges. I:f no molybdenum disu1:fide 
is present in the residues (which can be seen 
:from row No. 13), the percentage o:f the re-
mainder can be taken as the percent o:f the 
silicon in the residues. 
13. The compositions o:f the residues are estimated 
semiquantitatively by X-ray di:f:fraction analysis 
which will be discussed in detail in the next 
section; the results are listed in the table 
as:-
None--either none or present in such a small 
amount that it can not be detected by 
X-ray di:f:fraction methods (below 5 
percent). 
S-----Sna11 amount, below 10 percent. 
Some--around 10 to 20 percent. 
L-----large·amount, above 30 percent. 
Pure--either pure compound or the impurities 
are present in such a small amounts 
that they can not be detected by X-ray 
d1:f:fraction methods. 
c) Methods o:f Analyses 
The X-ray di:f:fraction method :for qualitative analysis 
has been widely used to identi:fy crystalline substances<11? 
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(115) Hanawa1t, H. W.R., Chemical Analysis by X-ray 
Di:ff'raction Method, Ind. Eng. Chem. Ana1. Ed., 
Vol. 10, (1938) pp. 457-512. 
n addition to being rapid and not destroying the samp1e, 
indicates the state o:r chemical combination 
:r the e1ements existing in the sample. It is a suitab1e 
power:r 1 means o:r attack on the present problem, :for 
results o:r chemical analysis tel1 only how much molyb-
ellWJI, silicon, and su1fur are in the sample, and give no 
ni'ormation as to whether they are present as sul:f1.des, 
ilicides, or :free elements. The chief limitation o:r this 
ethod is its sensitivity; as a general zule, most com-
unds must be present in su:f:ficient abundance to constitut 
the samp1e by weight be:fore they 
veal their presence in the X-ray diffraction pattern. 
rthermore, this method can only be used :for sem1quantita-
In mixtures, one must consider the 
ssibility o:r di:ff'erence in the absolute intensity of 
e l:lnes :ln var:lous pattern due to: 
(1) D:l:f:ferent exposure times, tube voltages, or 
currents: 
(2) Different sample thiclmeas or d11ution; and 
(3) D:lf':ferent structure :factors, such as the abundance 
of the d:l:fra.cting p1anes, the position of the 
atoms in the crysta1s, etc. 
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The Nore1co Geiger Counter X-ray Spectrometer with 
automatic recorder made by the North .tunerican Ph11ips Oo. 
Inc., was used in this investigation. The pulse received 
rrom the Geiger counter is conditioned by an electronic 
circuit and red into a frequency meter circuit arranged 
to drive a suitable indicating meter whose deflections 
indicate the 1ocations and the intensities of the char-
acteristic lines or the X-ray diffraction pattern of the 
sample. The procedure used in this investigation is 
as follows: 
The sample was prepared by making a slurry of the 
fine powder samp1e with collodian and ether to proper 
consistency; the slurry was pasted in a circular cavity 
(five eighth inch in diameter) of a cardboard slide and 
flattened with a knire edge to obtain a consolidated 
and even surface. 
A copper target with a nickel filter was used in all 
determinations. The intensity of the X-ray beam can be 
regulated with the slit and wedge of the X-ray tube and 
the Geiger counter. There are three openings in the 
slit marked as maximum, medium, and minimum with decreas-
ing size of the openings. The openings of the wedge are 
marked from 1 to 7 with increasing extent of opening. 
The position and intensity of the characteristic lines 
of the dif:fraction patterns were automatically recorded 
by the spectrometer, which gave a trace of ten inches 
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wide on a paper chart. The magnitude o:f the tracings 
can be regulated by the Amplitude scale ranging :from one 
to ten with increasing magnitude. The sensitivity o:f 
the tracing can be regulated by the damping scale rang-
ing from one to ten with decreasing sensitivity. The 
voltage across the X-ray tube and the current in the 
tube were32 kv. and 6.1 ma. respectively. The samples 
were rotated automatically by a motor :from a Bragg's 
angle o:f :forty :five to :five degrees. 
The microphotometer tracings o:f the powder patterns 
o:f the raw materials used in the charge, molybdenum 
disu1:fide and silicon metal, and the samples taken 
:from the residues o:f di:f:ferent experiments are sho,m 
in Figure 24 to 39 with were reduced about one hal:f 
:from the actual tracings. 
The procedure used :for matching the pattern o:f the 
sample with the knol'm pattern o:f the possible com~ounda 
which are listed in Table XLVII are as :follows. 
1) Identi:fication o:f Molybdenum Disul:fide 
Molybdenum disul:fide has a ve-ry strong characteristic 
line at e = 7.25 (Figure 24); its absence indicates 
that there is no molybdenum disul:fide present in the 
sample or that the amount is so small that it can not 
be revealed by the pattern. I:f it is present, the 
other characteristic lines :for molybdenum disulfide are 




Mi cro photome t er Tr ac ing of the r o•dor ?at lam of 1os, 
Sample--- -----Mo S2 Thte Sli t-----lledilla 
De. to--------- - 1eb, l 5, l950 tlibe help..-_. 
Radiatioo-----CU Geipr sui---111:iiwl 
Filter-------11 Geipr ledp--+ 
TUiie CUran~-6.lu. AmplHud•---10 
Vol tat:•------ J2kv, Dupiac-----10 
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Wi c,o , ~ ,t.om~1.•H 'i'1 i-t cl.Of • t ! 
'\ 11, ~·- --- - .., • 
J 1 l ·- ---- --- ,, }" . , ._ 'j ~(., 
P,1, 11 H1ori- - -- Cu 
F1 1,r•z--------t l 
Tul·• .;uL ent--6. lma . 
Vol t.iire-- -- ·-- "'?kv. 
... L"' 1 t.- --- ! ... 
,\.t"'" I -· - ; 
~ [;CI :'° :~ t. -- - Tl ::J!l. 
~ .1. (~l G>!"le_ !--6 
A;q.,~ .. t.Ae-- ---9 
:a, ... ,..iug--- - ---10 
• S?P wa r pre ;:,&.red rrora th, re:'.ld:..e &.ft~·r t l!:t . ,J wit 
t h~ ! ollo wi ne conditiom : -
Cha.rg&:-Mo:'.'? : 51 = 1: l , :011t e row1 er , 




~icrophot ome t e r Traci111 of t he Po•dar :'a'ltern of ~>.li eoo 
Sample-------- S1 powder Tu be 511 ~---Mediua 
:Jo. te----------1ob, l7, 1950 Tube l oJge--- 6 
Rad ia U on-----Cll Geiger ~li ~--Ktdi ... 
ri l t er-- ------11 Gelger ledce- - 6 
Tube CUrrent- - 6.laa. Allpli tudo- ---9 
Vo l t age---- - -- , ?kY. !luping-.- - -- - -10 
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Microrhot.ometer Tracing or the ro"de i 'T'lat;. •zn of fa11 le f3P 
Sampll- - - - ---- S}R• 
Dah---------- 1eb. l 5, 1950 
Rad iatio n---- - CU 
1'11 t e r----- ---ffi 
'!'Ube Cu r rent--6. lma , 
Voltage----- - - 32kY, 
'!'Ube ~lH-- ---h dium 
'!'Ube ••Jgu- --- 6 
Geigez flit-- Ma, i roum 
Geiger We dge- - 6 
Ampli tude- - - - -10 
Damping-- -- - --10 
• s, R wae prepared fro• the residue after smelting with 
the fo llowing cond itions •-
t'4. (Hi,5./ 
Charge :- MoS2: Si : l I l, loo•• powdez. 
Heat 1t at 1100' C tor 330 minutes under 12 mi crone, 
ti) 
Sample-------- f lll" 
Ila te---- ------Feb.17, 1950 
Rndia tion-- ---Cu 
111 ter----- - --Ni 
'l\J t e Current-- 6. lma, 
Vo l tage--- - - - - 3: kv, 
Po wder Pattern of Sample flR 
'l\J be Sl1 t----- kedi um 
'l\J be "edge---- 6 
Geiger f li t ---Med1u• 
Geiger r edge-- 6 
Ampli t ude- - -- -9 
"1mpinf-- --- --l0 
• SlR was prepared tram t h'3 re . idue ., ft e1 smel ting T.1th 
t.he fo llo wing cond1t1ons: -
Chorge:-M0S2: t i ; l : l, loobe powder, 
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1'1gure ~ 
•1crophoto••ter Tracing of the Po• 1o r atte1n of "am·:e ·1· c 
17 
Sampl•--------n .,,. 
!laie----------~a7 15, 195G 
PAd iation-----1:11 
Tilter--------lli 
'lube ::Uran t-- 6. lma . 
Vol i ~ge-------3?kv, 
cu be ~11 t----- ii..-:. 
:'u be ' edge- - -6 
~ieer ,11 t- - - ·; eJi.. . 
Gei ge r e1e cl --6 
~nplitud~----- lC 
'8mp1ng- - - ----7 
• Sl ;>R was prep". red !roll t r.e residue afte : ]e!tinr wi tl 
t he follo . ing con11tions: -
Charge : - lloS ;>: S1 • l: Ll , c,, , a·t~~ .,_~ 1.;ccc ~ i. 
Heat it at llOO' C fo r 4E!O :i:i .. 1.te~ cn1ei 9 ., i ci on~ . 
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!1 e tO 
j: 





















- .. - . 
---------






















M.i crop1ot 0:ne ter ':-rac ine of the Fo . J~1 ?e1 ~.te 1r1 of "" n. -r. ; :l3 :1..,: 
,/13 
s~m~le--------S13r' 
J~ te- ----- ----May c; , 1950 
Fadiation-----Cu 
,1lte r----- --- K1 
Tu\ e Cu r r ent-- 6, lma, 
Volt~ge- ------ 3?kv. 
Tu 'ta :.1 1 t ----- '~ ...... "'.'1 
'l'u 'tie l e ice- --- £ 
Geiger ell t--- \'. e1Li!l 
Gei ger ·-1edge-- 6 
~mplitude----- 10 
ia~pin1:--- ----6 
• Sl3P wa~ prep~red fro ~ t :ie 1ed due -, ~t a1 f .~ Jl ~i nf •itr 
t he followi ng condi tions: -
Chaq;e:- lloS;, : S1 ~ l : l . ~. comr,.c,u,t'. a t 140J Cp11·, 






Figure JI rnr 
Microphotomohr Tracint; o! t he r owdor l'attern of 5"~olo , 
Sample-- --- ---S9R• 
Ila t e----------May 8, 1950 
Radiaiion-----Cu 
Fil tor-------- 1/i 
Tube Curr ent--6, lma, 
Vol tago------- 3?ll'f. 
Tube 511i-- - --"ef iu~ 
Tu~e We lge---- 6 
Ge11:,e1 Sl H - - - re Hu~ 
Ge i gei Wedge-- 6 
Ampli iu:ie-----9 
Damping-------8 
•S9R waa proparod !ro• tho roeidue after smelting with 
tho !ollo•ill8 conditions1-
Charp1- MoS21Si : l 1 2,1, co•pactod at 14000ps1. 
Heat 1t at 1100· C !or 256 minutes under 9. 5 microns. 
-- ---«I 
ftp.re ~ 
Mitr.pboto .. ter Tracill8 or tho Powder Paitern or !luplt Sl1R 
Suplt•-------SllR• 
Dllte----------Junt 6, 1950 
Radiation-----Cu 
'11 ter--------11 
Tube Curront--6, lu. 
Vol tage-------3?1rf. 
Tube ~11 t-----Mtdi1111 
111 be hdge----6 




•SUR was propa.rod fro• tbt residue after ntlUD& w1tb 
the following conditiona, -
Charge:- loS2:Si : l 1 2. 2, compacted at l4000pa1. 
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~1crophot.o eter '!'rnc1n, of Vie ~ w1e1 ~~tt"'rr. o f ~11 .. l•.: ~l''\r 
tam~ le-------- "lOP· 
!la te- ---- - ----May P , 19,CJ 
Rad1a tlon- - ---Cu 
Fl lter-- -- - -- - 1,1 
'l'ube Cun en t - - 6. lma . 
Vol tage- - ---- - ,2kv. 
'•\lle ;'11 t - - -- 'ar.1 U'.ll 
.... l11 1,·! · sre--··-' 
GtL,, t:t.:l ·11 t.---···.! 111..~ 
t;e 1Le 1 ,, h.t! --~ 
A:nt l t. ... ht- ----10 
~d!yl Ut. -------6 
• Sl OP was prepa1 ed f r om the r e s1du1.? a fter 5u~l tl I•t.. wi th 
the follo wing cond1 uons :-
Charge:- Mo 3?: Si: l : 2, 5, collp&cted a t l4000ps1. 





1icrophotoaehr Treeing o! t he Powder Pattern o! £ample ~l4 F. 
Sample--------SHR• Tube '111-----'·'ed iu• 
!)lte----------May 15, 1')50 hi be 'Nedi;e--- -5 
Pad ia t1on-----Cu Geicer ~11 t- --'.'ed1um 
Fil ter--------1/i Ga l t 01 'l'te lfe-- ) 
T\lbe Current--6. lma. A.~pll tufo- --- - 0 
Voltage------- , ?kv. ' 'ullpfot-------7 
• Sl4 R wa s prepared from the res1Jue afte ,· smelting 01th 
the follo wing conditions :-
Charge: - MoS2: Si : l : , . 5, compacted at l4000pu. 
Heat 1 t at llOO'C !or 480 minutes under 9 .icrons 
• • 
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~1 I'Oph I ,et.~, ~Jacinr or the fowd,!r 1l.tJ!ir. , <'-:t:o- _» ~a 
.3am~le---- - --- ,..AF • 
'.)A. -----------·~i;t.y Ji l 'J 
h.d ia t1on-- - --Cu 
:-'il t e1-------- Pli 
•ru te : urient-- 6. ma . 
'lo 1 t.aee- -----· 37kv . 
'i\l lf? 11 t-----1/ayi 1t 
vl.e li~"l'e- --6 
'UfeJ ,. Li t---"-ui-:u~ 
e 11 t1 .. ,J,v'!- -6 
.!.:i; 11 t.u1 ·-----1 
1&.~plhl -------~ 
• SSP was prepared fro m the re r i ::h .. a a~tn t elt1r.g dth 
the follo dng condi hons: -
Charpe:- Mos2: S1 : l : 3, co~p,c t eJ ~t 4C :cpn . 
Heal l\ a t llOO ' C for 256 a11.u t es under 9 ,icrooa • 




~icrophotome ter Tracing o! \ he fo •der Pattern of Su~l o s15r. 
Samp le--------S151!" 
Da t e----------June 6, 1950 
Radiation-- - --CU 
l'i l t er-- - - ----111 
Tut CUrient--6 . lma . 
Vo , tare--- ----3?kv . 
Tu be Slil.-----Mod ium 
Tube ledgo---- 6 
Ct1pi ~li t -- - ~e~ i um 
Geige, , e 1,-e-- 6 
A.tpll tud o-- - --10 
Damp1nr-- - ----7 
• "l 5P was prep•uetJ rro;i th~ i a! 1 :iue 1 rteJ : -:el t14« •i V1 
th" fol lo .. tng condi t1011s :-
Charee :- r-J ~.., : !:1 = l : '7 ' coLp·1c tcJ a\. 14000pf i. 








5 7 Jl l3 
Fl0,1re 37 'R. tten1 of ,"'·l:;ii,le !" 41 ot the lo wdez 
~icrophotometer Tracinr 'l'u be '."llt----- 1:hxi..u·n 
Sami,le- ---- - - - ,4. 0 t• re lge- --- b !), t e-- - -- - --- -May 5, 195 Geli,e r Zh t- - - a l1um 
P.adh ti M - --- -CU Geigel' ro lee- -6 
F1 1ter---- - - - Iii Ampli tude- --- - lC 
Tule Cu r ren t-- 6. l ma . '\1mp1ng---- - - -O Vo l t aee- - ---- - °' '."'kv . 
, S4P was pre p>re · d f ro~ the r es i due a fte r o, •l tinr , !th 
the followi ng con~! \ 1~nc4 :-co ope de I t IOOOOro i. 
~o , Si - l , • 
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:late------- ·-- 'lay 5, l'l'JO 
lo\11. tlon-----::U 
Filter------- H 
Tut• Current- 6.1~·, . 
Volt ge--- - - - -J?kv. 
Tule flit----- 3.1.i. 1.oi?i 
1ube ',ej1,•- --6 
C•1ger SlH---" 1 " 
Geieer W•d/ ·--6 
1pli t ud ·--- -lv 




• "'fiP 'fn.s r, rep11red fro.t tr e IeE1!ue aft~r s,~ .. tin, with 
t he follo'1nF conditions :-
Ch rge:- Mo~ 7: Si = l : 4 , ~or.ir·ict~1 t l"CC""ti. 
r. tit at 11oo·c !or 4€0 ~i nde• .. 1der 9. 5 , icrons. 
IO IO 
(') 
Fii;u re .,tJ 
Microphotometur Tracing of the 7'owde1 !'at~e11, of !"at1 ., le S5P 
Sample- - --- - --S5P• 
Ila te----------May 5,195, 
Radhti on-----Cu 
"ll ter---- -- --lii 
Tu t e Current-- 6. lma . 
Volt 1ge--- - - - - J?kv. 
7u l e Sh t-- ---lax1 .u1.. J1 
'Iut.e 1,eJbe-- - - 6 
Ge1ge1 rli t--- 'e.!1 .. m 
Ge1 Le1 r1eJge- - 6 
\mpli tuJe-----10 
:lamping------ - 9 
• S5R was prepared fro m t he residue a ne r smelting with 
the following conditions :-
Charge :- MoS, : Si: l : 4, conpac te l a t l 0 000pd . 






of their intensity should be attributed to the presence 
of other substances. 
Table _ XLVII X-ray Diffraction IE.ta for 
Reactants and PQasible Products 
(5 strongest lines) 
.Q I e I a I 9 I e I 
MoS2# 7.25 100 22.00 15 11.00 14 30.00 13 19.70 5 
S1/I 23.70 100 14.32 87 11.10 83 38.20 66 28.08 22 
Mo* 20.28 100 36.93 57 29.36 36 73.80 17 
____ _,, 
--
MoS1/I 20.70 100 22.80 65 21.48 65 19.05 45 18.12 35 
MoS1~ 20.00 100 15.04 53 37.90 53 11.35 40 28.98 33 
II These data are taken from Figure 24, 25, 31, and 32. 




The same procedures are used consecutively for the 
following identifications; 
11) Identification of silicon metal. 
111) Identification of molybdenum metal. 
iv) Identification of molybdenum d1s111c1de. 
Af'ter eliminating all of the characteristic lines 
which belong to the elements and com~ounds stated above, 
there still remain some strong lines in ever., experiment. 
These lines should belong to the pattern of some molybdeDJID 
silicide, possibly monosilicide. In experiments S9 and 
S11, the residues contain no MoS2 , Mo, Si, or MoSi2 the 
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patterns o:r which are di:finite1y known. According to 
the calculated composition o:r the residues listed in 
Table XLVr, the molecular ratios o:r molybdenum to silimn 
:for these two experiments are as follows:-
Exp. 9) Mo . Si = (81.6/96) • (18.4/28) - l . 0.78 . • - . 
Exp. Sll Mo • Si - (80.0/96) . (20.0/28) = 1 . 0.85 . - . • 
From the above rough calculations it is possible 
that molybdenum monosilicide is the chie:f constituent 
o:r the residues o:f these two experiments, and that a :few 
percent o:f molybdenum disulfide and molybdenum metal are 
present to raise the ratio o:r Mo: Si to l: 1, but the 
.mounts are too small (less than :five percent) to be 
revealed in the pattern. 
The above reasoning can be confirmed by chemical 
analysis. 
v) Chemical Analysis 
The composition o:r the residue :from experiment S11 
was determined by chemical analysis. 
The silicon content was determined by the silica 
method {ll7). lbuble evaporation was used to recover 
( 117) Scott, W. W., Standard Method of Chemical Analysis, 
D. Van Nostrand Co., Inc. New York (1939), p. 809. 
some silica in the first filtrate. 
The second filtrate a:rter removal. of the hydrochloric 
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acid by heating with sul:furic acid to white :fumes was 
used for the determination of the molybdenum by the 
( 118) potassium permagnate method • The six valent mo1yb-
(118) Hillebrand, W. F., and Lundell, G. E. F., Applied 
Inorganic Analysis, John Wiley and Sons, Inc., 
New York, (1936) p. 251. 
denum was reduced in a Jonas reductor. The reduced 
solution was caught in a five-fold excess of ferric 
su1pbate over what is theoretically required to oxidize 
Mo2o3 to 2Moo3 • The reduced ferrous ion was titrated 
with a standard solution of potassium permagnata. 
A separate sample was used for the determination of 
sulfur by the barium sulfate method. 






The balance o.48% may be attributed chiefly to 
impurities in the charge, especially in the silicon 
metal, and partly to the experimantal error. 
the 





lfo1ecu1ar ratio Mo . Si= 1 : o.84 • 
If 5% of molybdenum meta1 is assumed to be present 
in the residue, then, 
J.iolecular ratio I"Io . Si= l : 0.90 • 
Therefore, it can be stated that the constituents 
of the residues of experiments$) and Sll are chiefly 
molybdenum monosilicide (around 90 percent) with a few 
percent each of molybdenum disulfide and molybdenum 
metal. 
vi) Identification of molybdenum monosilicide 
The presence of the molybdenum monosilicide was 
identified by comparing the patterns with those of experi-
ments s:J and fill which have been conf1.rmed as the pattern 
of •pure" molybdenum monosulfide. 
v1.i) Identification of other molybdenum silicides 
When the molecular ratio of silicon metal to molyb-
denum disulfide is increased to three or above, another 
very strong characteristic line at 9 = 22.50 appears, it 
may be another silicide higher than the di.silicide or 
it may be Mo2 s1.3 from the combination o-r MoSi and MoSi2 • 
viii) Semiquantitative estimation of MoS2 and 51 
Following the procedures described above, the com-
positions of the residues from different experiments were 
qualitatively determined. As mentioned before, the 
bsolute intensit1.es of the d1.fferent lines for d1.fferent 
compounds are a :function of many factors; it is difficult 
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to estimate the relative quantities of the constituents 
o:r each sample by com~aring the intensities o:r their 
characteristic lines. This di:f:ficulty can be avoided 
by estimating in another way. I:f the intensity o:r the 
same characteristic line o:r a certain constituent :for 
every sample is recorded under the s~me conditions, 
then the intensities are dependent upon only the number 
of crystals o:r such constituent present in the sample. 
:ll.ch estimations for mo1y~denum disulfide and silicon 
metal are shown in Fi.gure 40 and 41. By comparing the 
intensiti.es of the characteristic lines with those o:r 
pure molybdenum disulfide and silicon metal respecti.vely, 
the relative amounts can be estimated. In measuring the 
intensities of such lines, the intensity of the general 
radiation must be taken 1.nto consideration. For example, 
in the case of silicon, the intensity :for pure silicon 
should be measured as the amount above 0.7; and that of 
S4R, as the amount above 2.15 {Figure 41). 
It is also important to appreciate that the 1nten-
si ties of the lines under such conditions depend only 
upon the numbers of crystal.a present in the sampl.e; it 
1e a volume effect rather than a weight effect. In the 
case of molybdermm disulfide, the specific gravity does 
not d1:f:fer greatly :from that o:r the other constituents; 
• thus such comparisons can also be used as an estimate of 
the relative amounts by weight present in the samples. 
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However, silicon metal has a specific gravity much lower 
than that of the others, thus the comparisons can not 
be used directly to give the weight percent present 1n 
the samples. The specific gravity of the other constitu-
ents 1s not yet known, thus only semi-quantitative es-
timations are made and reported as large, some, small, 
and none as listed in Table XLVI. 
d) Discussion 
1) Prenarat1on of the charge 
In vacuum reduction processes, the severe evolution 
or gaseous products may blow loose :powder charges out 
or the cr1cible, thus making the reduction impossible. 
This phenomenon has shown in experiments Sl, S2, and S3; 
and a1so in S4 and S5 in which the charges were com-
pacted at low pressures. Heavily compacted charges 
avoid this and also o:ffer a good contact between the 
reactants, wh1.ch 1s ve-ry important 1n so11d-so11d 
processes. 
11) Reacting Temperature 
Comparing the results of experiments S1 and S2, it 
can be seen that the reduction proceeds to a greater 
extent at the higher temperature. As shown 1n experiment 
54, the reduction progressed very little at 900°c, even 
though a large excess o:r reducing agent was used ( the 
molecular rat1o of silicon metal to molybdenum disulfide 
1e equal to :four). 
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111) Mechanism o:f the reduction 
The compositions of' the residues have a definite 
relation to the molecular ratio of' the silicon metal 
to molybdenum disulfide in the charge. This relation 
can be seen :from Table XLVIII, which is prepared f'rom 
1n:format1on in Table XLVI :for a11 experiments being 
carried out at 1100°0. 
Tab1e XLVIII Compasition o:f the Residues 
v. s~ Si/MoS2rat1o in the Charges 
S1/l-ioS2 
Constituents Experiments Chief' Other 
1.1-1.4 Mo Mo Si MoS2 Sl2 S13 
2.1-2.2 Mo Si 
----
gJ Sll 
2.5 MoS1 KoS12 Si Sl0 
3 MoS1. MoSi2 (Mo2s13 ) Si s8 Sl.5 
3.5 MoS1 MoSi2 (Mo2Si3 ) Si Sl4 
4 MoSi MoSi2 (Mo2s13 ) Si S5 S6 
Thus the reduction of Mo52 with Si takes place 
chiefly according to the :following chemical equations:-
MoS2 Si - Mo SiS2 + - + 
S1S2 - S1S + iS2 
Mo + Si - MoS1 -
or, MoS2 + 251 - Mo Si+ Sis + iS2 -
I:f the ratio Si/MoS2 is less than two, and some S1 
is taken up by the reduced Mo to :form MoSi so that the 
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1n the residues. 
If' the ratio S1/Mos2 is equal to two, nearly pure 
MoSi should be obtained according to the chemical equat-
ions listed above. In experiments S) and Sl.1, the ratios 
2.1 and 2.2 were used; the slight excess compensated 
f'or the impurities present in the silicon metal. 
When the ratio Si/},IoS2 1s increased to 2.5, the 
excess silicon may combine with the MoSi to form MoS12, 
MoS1 + S1 = MoSi2 
This reaction may be a slow process and depends on 
the contact between the reactants, thus not all free 
silicon, is used up and MoSi, MoSi2 , and Si are co-
existed in the residues. 
When the ratio Si/.MoS2 is increased to three, 
theoretically speaking, pure MoS12 should be formed 
according to the following chemical react1on:-
l-1oS2 + 3S1 : MoSi2 + SiS + ~S2 
However, the combination of MoS1 with S1 is not 
complete, and MoSi, MoSi2 , and Si all occur in the 
res1.dues. 
When the ratio Sijl.1oS2 is increased above three, 
theoretically speaking, only MoSi2 and Si should be 
present in the residue, but the combination of MoS1 with 
S1 proceeds so slowly that some MoSi is still present • 
The small amount of Si present in experiments S5 
and S6 may be explained by the fact that the following 
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reaction may take place because of the large excess of 
silicon metal in the charge: 
MoS2 + 2Si : Mo + 2SiS 
The questionable compound Mo 2si3 may be formed from 
MoS1 and MoSi2 • according to the following equation:-
MoS1 + MoS12 : Mo2s13 
This compound may give the very strong characteristic 
line always present when both MoSi and MoSi2 are the 
chief constituents in the residues, as shown in experi-
ments S5, S6, S8, S14, and S15. 
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5. Ex:oeriments on the Vacuum Reduction of MoS2 with Sn 
a) Introduction 
As discussed before, tin is a 1ike1y reducing agent 
for the following reaction, especially if it is conducted 
under vacuum:-
MS + Sn = M + SnS (volatile) 
Tin as the reducing agent in the above reaction 
has some advantages and also some disadvantages as com-
pared with silicon. The experimental results in this 
section wi11 demonstrate such differences. 
b) Exnerimenta1 Iata 
The charges used in the experiments were prepared 
by mixing thoroughly the proper amounts of molybdenum 
idsulfide and tin powder; this mixture was then compacted 
under a pressure of' seven tons per square inche. An 
alundum crucible with a cross section of' 5.52 square 
contimeters was used f'or all experiments. The experi-
mental data along with the results of calculations are 
listed in Table XLIX, in which the experiments are 
arranged in the order of increasing molecular ratio or 
tin to molybdenum disulfide in the charge (row No. 7) 
from one to 2.4. 
Notes for Table .XUX:-
6. The composition of' the charge in percent was 
calculated by assuming that the raw materials 
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used are chemically pure substances. 
7. Molecular ratio of tin to molybdenum disulfide. 
8. The weights o:f the charge and the residue were 
actually determined, and those of the losses 
are calculated from the difference between the 
charge and the residue. 
9. Because the specific gravity o:f tin is smaller 
than that o:f molybdenum, the excess amounts 
of :free tin in some of the experiments remained 
on the surface o:f the residue as globules. 
The largest globule, three eighths of an inch 
in diameter and one eighth or an inch in height, 
was observed in experiment 13. The amount of 
free tin was actually weighed and is listed 
in this row. The amounts of tin thus determined 
will not be shown in the X-ray analyses of the 
samples which were taken entirely from the fine 
powder. 
10. The composition o:f the residue was calculated 
by assuming that all the molybdenum 1n the 
charge remained 1n the r€sidue arter smelting. 
11. The amounts o:f molybdenum disulfide and molyb-
denum metal were estimated by X-ray diffraction 
analysis.those o:f tin metal are estimated from 
> 
both the free tin remained on the surface of . 
the residue and the X-ray diffraction patterns. 
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The results are listed as:-
None--either none or present in such a small 
amount that it can not be detected by 
X-ray d1:f:fraction methods (below 5 percent). 
S-----&nall amount, below 10 percent. 
Some--around 10 to 20 percent. 
L-----large amount, above 30 percent. 
C-----chie:f constituent, above 70 percent. 
c) Method o:r analysis 
X-ray di:f:fraction was used :for qualitative and 
semi-quantitative analysis in these experiments. The 
apparatus and procedure used are the same as those 
described in the last section :for the experiments on 
the vacuum reduction o:f molybdenum disul:fide with silicon. 
The microphotometer tracings of the powder patterns 
of the tin metal, the distillate :from experiment Nl~ and 
the residues of all experiments are shown in Figures 42 
to 53, which are reduced to about one half of actual size. 
The semi-quantitative estimation of the amounts of 
molybdenum disulfide and molybdenum metal present in the 
residues was made by comparing the intensities o:f their 
characteristic lines under the same conditions; the 
photomicrometer tracings used in such comparisons are 
shown in Figure 54 and 55. The results are listed in 
Table XLIX. 
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1) Amount of Reducing Agent 
When the charges are heated at same temperature 
(1166°0) for the same length of time (240 minutes), the 
extent of reduction is increased with the increasing ratio 
of tin metal to molybdenum disulfide in the charge. This 
can be seen clearly from the following table (Exp. N2 
was heated for 450 minutes): 
Experiment No. NB N7 N6 t19 N1 N2 
Sn:MoS2 in Charge 1 1.5 1.75 1.9 2 2.4 
Loss ( grams) 3.72 5.56 6.56 1.09 7.12 7.20 
It appears that the reduction takes place chiefly 
according to the following chemical equat1on:-
MoS2 + 2Sn = Mo + 2SnS --------------- (a) 
If the reduction was according to the following 
equation:-
Mo52 + Sn - Mo + SnS ---------------- (b) 2 
the results of experiments NB and N1 would not show the 
large difference in loss. 
According to equation (a), the amount of molybdenum 
metal produced can be estimated from the reaction loss 
hich is assumed to be entirely stannous sulfide. The 
results are listed as follows:-
Experiment No. N8 N7 N6 :N9 :ra N2 
Ko produced (g) 1.18 1.77 2.09 2.25 2.Z, 2.29 
% of Reduction 49.1 73.7 86.6 93.5 94.s 95.4 
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The percent reduction is calculated by comparison 
with the theoretical amount of molybdenum metal, 2.40 
grams, which should be produced if the reduction is 
complete. 
From the above calculations, it is evident that 
the extent of reduction is increased by increasing the 
ratio of tin metal to molybdenum disulfide in the charge. 
There is an increase of recovery from 49.1 to 93.5 per= 
cent when the charge ratio is increased from one to 1.9; 
when the charge ratio is increased above 1.9, the extent 
of reduction increases very slowly. It is difficult 
to obtain complete reduction at the reacting temperature 
of 1100°0. 
11) The Mechanism of Reduction 
Further calculations given in detail below, indicate 
that the reduction is not entirely due to the formation 
of stannous sulfide; a part of the molybdenum disulfide 
is reduced with the formation of stannic sulfide, and 
this phenomenon is most evident at a low ratio of tin 
metal to molybdenum disulfide in the charge. 
Assuming that the reaction loss is entirely due to 
the formation of stannous sulfide and that the stannous 
sulfide all escape from the residues, the loss of tin 
and sulfur can be calculated from the stoichiometric 
propertion of these two elements in stannous sulfide. 
If these two values are subtracted respectivelJ 
from the amount of tin and sulfur present in the charge, 
the amounts of tin and sulfur remaining in the residues 
are obtained by difference. If the sulfur remained in 
the residue as molybdenum disulfide, which is indicated 
by the X-ray diffraction patterns, then the composition 
of the residue in terms of molybdenum metal, molybdenum 
disulfide, and tin me+al can be calculated. Throughout 
these calculations, it is assumed that no molybdenum 
is lost either as metal or as sulfide, which is jus tifiable 
as discussed before. The results of the calculations are 
summarized in Table L. 
Com-·"'aring the calculated composition of the residues 
with the X-ray diffraction patterns (Figure 44 to 55), 
it appears that the calculated amounts of molybdenum 
disulfide are high and those of tin metal are low. 
The differences between the calculated composition 
of the residue and that determined by the X-ray diffraction 
patterns indicate that the reduction is carried out part-
ially by the fonnation of stannic sulfide, and that this 
tendency is more pronounced at lower molecular ratios 
of tin metal to molybdenum disulfide in the charge. On 
the basis of this, the calculated compositions of the 
~esidues should be lower in sulfur and higher in tin, 
and also higher in the molybdenum metal reduced. Some 
~olybdenum and tin are combined to form intermetallic 
compounds which are shown in the X-ray diffraction patterns 
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as lines which belong to neither Mo, Sn, MoS2, SnS, Sns2, 
nor the meta1 oxides. The formation or intermetallic 
compounds is more pronounced if an excess of tin is 















~alculated Composition of the Residues 
For Experiments MoS2 + Sn 
No. N8 N7 N6 N9 N1 N2 
Sn 2.93 4.37 5.16 5.58 5.60 5.67 
s 0.79 1.19 1.40 1.51 1.52 1.53 
Mo o.oo o.oo o.oo o.oo o.oo o.oo 
Sum 3.72 5.56 6.56 7.09 7.12 7.20 
Sn 0.04 0.08 0.03 0.06 0.34 1.45 
s 0 .. 81 o.41 0.20 0.09 o.oa 0.07 
Mo 2.40 2.40 2.40 2.40 2.40 2.40 
aim 3.25 2.98 2.63 2.S'i 2.82 3.92 
MoS2 2.03 1.04 0.51 0.23 0.21 0.18 
Mo 1.18 1.77 2.09 2.25 2.27 2.29 
Sn 0.04 0.08 0.03 0.06 0.34 1.45 
Sum 3.25 2.89 2.63 2.SS 2.82 3.92 
MoS2 62.5 36.0 19.4 9.1 7.3 4.6 
Mo 36.3 61.3 79.5 88.4 80.6 58.4 
Sn 1.2 2.7 1.1 2.5 12.1 27.0 
Sim 100 100 100 100 100 100 
The X-ray diffraction pattern for the distillate 
from experiment N1, shown in Figure 43, is that for 
stannous sulfide; thus the stannic sulr1de formed must 
be dissociated according to the following chemical 
equation:-
SnS = SnS + ..:t.5 
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111) Reacting Temperature 
When charges of the same compos:t. tion ( molecular 
ratio of tin metal to molybdenum disulfide equal to two) 
are heated for the same length of time (240 minutes), 
the extent of the reduction is increased with the increas-
1ng reacting tem~erature, as can be clearly seen from 
the following table:-
Experiment No. N3 N4 N5 N1 
Temperature (oC) 800 900 1000 1100 
Loss ( grams) 2.01 4.36 6.11 7.12 
Mo Produced ( g.) 0.64 1.39 1.95 2.27 
;;f 
,o of Reduction 26.6 58.0 81.2 94.5 
The molybdenum metal produced is calculated by 
assuming that only starmous sulfide is formed in the 
reduction. 
iv) Comnarison with Silicon 
As compared with silicon, tin shows much less 
tendency to form intermetallic compounds, thus it is 
possible to produce purer metals by using tin as the 
reducing agent. In the vacuum reduct1on of molybde~um 
disulfide, may be possible to produce pure molybdenum 
by heating the charge (Sn:MoS2 = 1.9) at higher tempera-
tures {1200 to 1300°c) so as to remove the small amount 
of sulfur and tin present as sulfide and intermetallic 
compounds respectively according to the following reaction: 
Mos ~ 2(VoSn) = 3Mo + 2SnS 
2 
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As shown in the X-ray difrraction pattern. the excess 




In this chapter, the possibilities for the vacuum 
reduction of metallic sulfides were discussed with 
consideration of the volatilities of the meta1s and 
their sulfides, the thennal stabilities and hydrolysis 
of metallic sulfides, and the possibilities of the 
fonnation of 1ntermetallic and inter-meta111c-sulf1de 
compounds. These processes were grouped and classified 
into the fol1owing two types:-
( 1) MS + M' 
{ 2) MS + M' 
M • S + M ( volatile) 
M'S (volatile) t M 
The type (1) process was discussed i'urther based 
upon the experimental results on the reduction of zinc 
sulfide with calcium carbide.and the type (2) process 
> 
was discussed further based upon the experimental results 
on the reduction of iron sulfide with silicon, and the 
reduction of molybdenum disulfide with silicon and tin. 
Though each type of process has its own field 
or application, yet the ty:pe (1) :process has the ad-
vantage that comparatively pure metals can be obtained 
from impure raw materials; while in the type ( 2) process, 
all of the non-volatile impurities remain as impurities 
in the metal produced. 
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Chapter IV 
Vacuum Dissociation or Metal1ic Su1fides 
1. Introduction 
The thermal dissociation of metal11c su1fidea may 
yield very pure meta1s if the dissociation goes to com-
p1etion and if the su1f1des themselves are pure enough. 
Under vacuum. the continuous remova.1 of the su1fur gas 
from the dissociation wi11 disturb the equi1ibrium and 
tend to force the dissociation toward completion; 1n 
addition, the metal tlms produced are protected rrom the 
attack of other gases. 
The possible dissociation processes for meta1lic 
sulfides are 1isted as fo1low:-
2MS( e) = 2M(s) + s2Cs) 
___________ ... _ 
(a) 
2MS( s) = 2M(g) + S2(s) -------~------- (b) 
2MS(g) - 2M(s) ,._ S2(g) (c) 
-
___________ ..... 




The dissociation w~ch takes p1ace according to (b) 
is quite rare, for the su1rides of vo1ati1e metals are 
either vo1ati1e (Hg, Cd, Zn, As, Bi. etc.), or quite 
stab1e with respect to therma1 dissociation (a1ka1i metal.a, 
a1ka1i earth meta1s, Mg, etc.). 
On1y those volat11e metallic su1f1des which have 
thermal stab11ities that are comparat1vely 1ow can be 
dissociated according to (c); for example, HgS, As2s3 , 
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Sb2S3, Bi2S3 etc. Whether the dissociation is favorable 
under vacuum depends upon the number of gas mo1ecu1es on 
both sides of the equation. The possib1e recombination of 
the e1emants after dissociation would be a disadvantage 
in that it wou1d decrease the recovery; on the other band, 
the method appears to have the advantage that 1.mpure raw 
materials can be used to obtain rather pure metals. 
Reaction (d) is limited to very few instances, for, 
in general, the metals which have su1f1des that are vo1a-
tile are themse1ves volatile. GeS, SnS, Gas, InS etc. may 
be dissociated according to this reaction if the tempera-
ture is high enough. Whether or not these dissociation 
are tavorab1e promoted by operation 1n vacuum depends 
upon the numbers of the molecu1es of the gas 1n the 
reactants and 1n the products, as was mentioned previous:,,. 
In genera.1, the situation is unfavorable. 
It would appear that the successful. application of 
vacuum dissociation may be limited to reaction (a) 1n 
which the non-volatile metallic sulfides are dissociated 
at elevated temperatures, the sulfur gas is removed from 
the system, and the metals dissociated remain 1n the 
residue. As discussed before, the meta1s whose sulfides 
can be dissociated 1n this way are situated around 
group VIII 1n the periodic table. 
Lederer< 119 ) patented a process for producing pure 
(119) Lederer, E. A., op. cit. 
tungsten by vacuum dissociation of' tungsten disu1f1de. 
The pure tungsten disulfide was pressed into slugs at a 
moderate pressure of 200 pounds per square inch, and 
heated 1n a vacuum at 1500°c for about one ha1f hour or 
until the- dissociation was complete. The resu1tant slug, 
as he claimed, was pure tungsten entirely tree f'rom such 
impurities as oxygen, carbon, hydrogen, sulfur, etc. 
Whether the vacuum. dissociation processes can be 
used successfully f'or producing pure metals f'rom their 
sulfides depends upon the dissociation temperature which 
must be high enough to force the dissociation to comple-
tion 1n a reasonable length of' time; and low enougJi to 
avoid the vo1atll1zation of the metallic sulfide. The 
proper temperature could be determined experimentally. 
The experiments on the vacuum dissociation of' silver 
sul~ide described below wiJ.l illustrate such a process. 
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2. Experiments on Vacuum Dissociation ot Silver SUltide 
a) Introduction 
The vacuum dissociation of silver sulfide has been 
observed by various investigators. A. Bentell.(l20) found 
that when natura1 or artificial silver su1tide is heated 
1n an evacuated tube :for several days between 350 to 6oo0 c, 
(120) 
some decomposition occurs. F. Kraft and L. Merz found 
that 1n vacuo silver sul:tide decomposes at low temperature 
(120) Mellor, J. W., op. cit. Vol.III (1923), p.442. 
into silver and sulfur. The thermodynamic investigation 
ot the system silver-silver sulfide has been recently 
undertaken by T. Rosenquist(l2l.). The dissociation pressure 
(121) Rosenquist, T., A Thermodynamic Investigation of the 
System Silver-S11ver Su1tide. Jour. of Metals, 
A.I.M.M.E., Vol.l No.8, (Aug. 1949) pp.451-460. 
formula tor silver su1tide is given by Smithel.1s< 122> as 
(122) Smithel1s, c. J., op. cit. p.453 
fol.lows:-
Ag2S (1): 2Ag (l) + iS2 (g) 
l.Dg P 52 (mm) = -13082/T + 9.24 (912-1067°0) 
By extrapolating the temperature range mentioned 
above, the dissociation pressure at different temperatures 
can be calcu1ated and the results are listed together with 
the vapor pressure of si1ver meta1< 123) as follows:-
(123) lhshman, s., op. cit. p.746. 
Temp. ( 0 c) LogPS2 (mm) LogPAg (mm) 
503 -7.55 -9.48 
604 -5.61 -7.39 
704 -4.10 -5.74 
804 -2.86 -4.43 
904 -1.93 -3.29 
1006 -0.96 -2.34 
From the results of the above calculations, it can 
be seen that the sublimation loss of silver becomes larger 
at high temperatures, thus prolonged heating after the 
dissociation is complete would give a large loss of silver. 
As discussed 1n Chapter II, silver sulfide is classi-
fied as a non-volat11e su1fide, thus the sublimation loss 
of silver sulfide may be negligible. The extent of such 
loss will be discussed later on the basis of the experi-
mental data. 
b) Experimental Results 
Chemically pure precipitated silver sulfide 1n fine 
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powder form was used as a raw material for the dissocia-
tion experiments. This was packed 1n an a1undum cru.cible 
with a cross section of 3.74 square centimeters. After 
heating 1n vacuo, the silver contents of the residue 
from each experiment was analyzed by the ammonium 
th1ocynate method< 124) 1n which the silver 1n solution is 
(124) Hillebrand, w. F., and lllndell, G. E., op. cit. pJ.64 
titrated with O.lN solution of ammonium. thiooynate with 
2 c.c. of saturated solution of ferric sulfate as an 
internal indicator. The color of the ferric ion is 
destroyed by a few drops of concentrated nitric acid to 
make the end point vecy distinctive. In order to avoid 
any error 1n sampling, the entire residue was dissolved 
with nitric acid; the solution was then diluted to exact-
ly 500 c.c. from which two samples each of 100 c.c. were 
used for the determination of silver. As mentioned by 
Hillebrand and Lunde11< 125), the resulting sulfate ion 
(125) ibid. 
may be carried down as silver sulfate 1n the thiocynate: 
precipitate, there:rore, it was removed by barium nitrate 
•solution before titration. There was no sulfate precipi-
tate observed in the sample taken from the residue o:r 
experiments Ag-2, Ag-3, Ag-4, and Ag-5, showing that the 
dissociation 1n these four experiments was complete. 
The silver content 1n the raw material, analyzed by 
the same method, was 87 .11 per cent , which is close to 
the theoret1ca1 silver content of pure silver sulfide, 
87.06 per cent. The result of the ana1ysis may easily 
be 0.05 per cent high, for one drop o:r the ammonium 
thiocyanate so1ut1on is equivalent to 0.0005 gram ot 
silver, which 1n turn is equiva1ent to about 0.1 per cent 
silver 1n the residue. Therefore, the resu1ts o:r chemical 
analysis reported below may also be about 0.1 per cent 
high too, though the blank teat was taken into considera-
tion. 
The experimental data along with the results of 
calculations are listed 1n Table LI. 
Notes for Table LI:-
5. The charges and the residues were actually weigh 
the extent of the losses was considered to be 
the differences between the weight of the charge 
and that of the residue. 
6. In that it is difficult to collect all the 
distillate from the graphite tube without includ-
ing some graphite powder, the :f'igures listed 1n 
this row represent only approximate amounts. 
7. The percentage of silver 1n the residue are 
reported to four significant figures 1n the 
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Table LI Bxpe.rimsnt.:L Results .for ·Vacuum Diasocimtion of Silver Sulfide 
l. Experirnen t No. .Ag-2 Ag-3 Ag-4 Ag-5 Ag-6 Ag-7 Ag-8 Ag-9 Ag-10 Ag•l 
2. Temperature (OC) 1006 1006 904 904 804 804 704 704 503 503 
3. Time (minutes) 335 98 240 98 245 98 333 110 308 104 
4. Vacuum (microns) 9 9 9 9 9 9 9 9 9 9 
5, Ma.terial Chare;e 2,6025 1. 6310 1. 6370 1,6285 1.6302 1. 6275 l,6290 1.6300 2,6290 2.6280 
Balance Residue 1. 8365 l,3940 1.3870 1,4063 1.4538 1,5184 1. 5297 1,5835 2.6105 2,6135 
(grams} Loss 0,7660 0,2370 0,2500 0.2222 O.l 764 0.1091 0.0993 0,0465 0,0185 0.0145 
6. Distillate 
(collected) 
Ag 0.1706 0.0385 0.0100 0.0050 
------
__ 19 __ ., 
------ ------ ------- ------




1. % of Ag in Residue 99.93 99.96 99.98 99,93 96.86 93.00 92.17 89.49 87,60 87. 51 
a. Silver Charge 2.2658 1,4200 l,4252 1,4178 l.4193 1.4169 1,4183 l.4191 2.2889 2.2880 
Ba:la.nce Residue 1. 8352 1.3934 1.3867 1,4053 1.4088 1,4121 1,4099 1,4180 2,2867 2,2872 
(grams) Loss 0,4306 o.02as 0.0385 0.012s 0.0105 0.004a o.ooa4 0.0011 0.0022 o.ooos 
9. Loss of Silver (%). 19.00 1.89 2 •. 70 0,89 0.74 0.34 0,59 o.oa 0.10 0.04 
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table, actually the experimental error is around 
O.l per cent, as discussed before. 
8. The amount or silver present 1n the charge was 
calculated by multiplying the weight of the 
charge with the per cent or silver present 1n 
the chemically pure silver, i.e., 87.06 per cent. 
The amount or the silver present 1n the residue 
was calculated by multiplying the weights or the 
residues with their respective percentages of 
silver. The loss of silver was determined by the 
differences between the weight of silver 1n the 
charge and in the residue. 
9. The loss of silver expressed 1n per cent was 
calculated by dividing the loss of silver 1n grams 
by the weight of silver 1n grams present in the 
charge. 
c) Conclusions 
Based upon the experimental results listed 1n 
Table LI, the following conclusions can be drawn:-
1) Dissociation Temperature:- The extent of d1ssocia-
1on is increased with increasing temperat.ure; the silver 
ontent 1n the residue is increased from 87.5 per cent 
o 99.9 per cent as the dissociation temperature increases 
rom 503 to 904°c or above. 
11) Dissociation Time:- After dissociation is complete, 
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prolonged heating will cause a large loss of silver due 
to its volatilization; this is shown clearly 1n 
Experiment Ag-2. 
111) Sublimation of Silver Sulfide:- The sublimation 
of silver sulfide under the most favorable conditions is 
on1y 0.0105 gram as shown 1n Experiment Ag-2, which is 
equivalent to about 0.4 per cent of the charge. 
iv) Optimum Conditions:- The vacuum dissociation of 
silver sulfide appears to be completed at 904°c 1n about 
98 minutes or less. A silver bullion with a :f'1ness of 
999 can be obtained, the loss due to sublimation of 
silver is only 0.89 per cent. 
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Chapter V 
Vacuum Separation of Meta1lic SUlfides 
1. Introduction 
The differences in vo1atilities of metallic su1f1des 
permits the separation of them by vacuum distillation or 
sublimation methods. The use of vacuum will not on1y 
protect the sulfides from oxidation, but also makes the 
separation processes possible at a lower temperature, 
thus avoiding the possibility that some of the sulfides 
may dissociate. 
For simplicity of discussion, assume that there are 
two metallic sulfides which have some difference 1n 
volatility and that they are treated by vacuum separation; 
there are two poss1b111ties:- they may both volatilize 
at the working temperature and condense in the different 
parts of the condenser; or one may volatilized out of 
the charge and leave the other in the residue. In the 
former case, the rate of separation may be faster, but 
the sulfides in condensing may overlap and thus give a 
poor separation; 1n the latter case, the separation may 
be good, but the rate of separation may be very slow. 
It is evident that the sublimation process is a 
surface phenomenon, and therefore the rate of diffusion 
will play an important role 1n determining the rate of" 
separation after the more volatile constituent 1n the 
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surface layer has volatilized out. As discussed by 
Kroll <126 ), the vacuum evaporation of metals 1s exclusive, 
(126) Kroll, W. J., Melting and Evaporating Metals in a 
Vacuum, Trans. Electrochem. Soc. Vol. 87, (1945) 
p. 572. 
ly a surface phenomenon because of the good conductivity 
of metals. There would not be a temperature difference 
large enough to produce a boiling action even with 
excessive local heating. This principle can also be 
applied to metallic sulfides. Therefore, the vacuum 
separation of metallic sulfides would be limited be-
cause of the slow rate of separation. If some means 
can be prov1ded to agitate the charge, the limitation 
will not apply. 
Other factors which should be considered in the 
vacuum separation of metallic sulfides is the mutual 
solubility, the tendency to form compounds, and the 
ease of dissociation. 
The experiments on the vacuum separation of zinc 
sulfide and lead sulfide, and that of zinc sulfide and 
manganese sulfide will be described in the next section. 
From the experimental results, this vacuum separation 
process may be more clearly.understood. 
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2. Exneriments on the Vacuum Separation of ZnS and PbS 
a) Introduction 
Both lead sulfide and zinc sulfide can be classified 
as volatile sulfides, but their vapor pressures differ 
around 2.3 to 2.5 logarithmic units; i.e. the vapor 
pressure of lead sulfide .is. around two to three hundred 
times that of zinc sulfide. From these data it would 
seem possible to separate the two sulfides by vacuum 
sublimation. If the separation process was carried 
out at a low temperature, probably on1y the lead sulfide 
would sublime and the zinc sulfide would remain in the 
residue; if it was carried out at high temperature, 
probably both would sublime and condense in different 
parts of the condenser. 
The experimental dates given below will illustrate 
clearly this type of vacuum separation process. 
b) Exnerimental Results 
Chemically pure precipitated lead sulfide powder and 
technical pure zinc sulfide powder were used as raw 
materials in this investigation. Using various molecular 
ratios of lead sulfide to zinc sulfide, the mixtures 
were packed in an alundum crucible with a cross section 
of 3.74 square centimeters. The charges were heated 
under a vacuum of about 11 microns at various temperatures 
for about three hours. The experimental data along with 
the results or calculations are listed 1n Table LII in 
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which the experiments are arranged in the order of incre 
ing working temperatures. The distribution of the conden-
sates in different experiments are shown in Figure 56. 
Notes for Tab1e LII:-
9. The 1oss of weight was calculated from the 
difference between the actual weight of the 
charge and that of the residue. 
10. The zinc content in the residue was determined 
by titration with potassium ferrocyan1de 
solution using uranyl nitrate solution as an 
external indicator; the lead content in the 
residue was determined grav1metrically by 
weighing as lead sulfate. The composition of 
the residue in terms of lead sulfide and zinc 
sulfide were then calculated from the ana1ytical 
results and listed in this row. The composition 
of the residues from experiments PZ-5 and FZ-6 
were not analyzed due to the small amount of 
the sample. The figures listed for these two 
experiments were assumed for the convenience 
of later calculations, such an assumption is 
quite reasonable when compared to the results 
of experiment PZ-7. 
11. The composition of the residues in terms of 
lead sulfide and zinc sulfide expressed in 
grams was calculated by multiplying the weights 
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of the residues by the respective weight per-
cent. The figures listed in this row were 
used for the calculation of PbS balance (12. 
and 13.) and ZnS balance (14. and 15.). 
12. The weight of lead su1:fide in the charge and 
the residues were copied from row 5 and row 11 
respectively; the losses were calculated by 
the difference between the weights of the 
charges and the residues. 
13. Ca1cu1ated from row 12. 
14. Calcu1ated in the same way as that used in row 1 
15. Calculated from row 14. 
c) Discussions 
1) Working Temperature 
As shown 1n Table LII, the tota1 loss by volatili-
zation is increased with increasing temperature: at 700°0, 
the losses of lead sulfide and zinc sulfide are only 
26.13 and 4.18 percent respectively; at aoo0 c, they 
increase to around 99.7 and 61.8 percent respectively 
(average figure from PZ-2 and PZ-7); at 900°c, both 
sulfides are nearly completely sublimed; the small amounts 
of zinc sulfide left in experiments PZ-6 and PZ-5 are 
due to the fact that twice as much zinc sulfide was 
used in the charges of these two experiments as compared 
to other experiments. 
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Figure 56 Products from Experiments on Vacuum Separati on of PbS a.nd ZnS 
1. Experiment Ho • . PZ-1 PZ- 2 PZ - 7 PZ-6 PZ-5 PZ -4 p - 3 
2. Tempera tu.re ( •c) 700 800 800 900 9JO 900 900 
3. Time (min.) 175 224 185 1 rt 185 149 190 
4. Vacuum (microns) 3 12 10 10 10 12 12 
5, PbS:ZnS in Charge 2 2 l 0 . 5 0 . 5 1 2 




ji;;;;;~:q ZnS ~ PbS 
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Tabl e LIL. Experimental Results for Vacuum Sepl!rattion of PhS and Zr6, 
1. Experiment Ho . PZ- 1 PZ - 2 PZ- 7 PZ- 6 PZ- 5 PZ- 4 PZ- 3 
2. Tempe ra tu re ( •c ) 700 800 800 900 900 900 900 
3. ime (minu t es ) 175 224 185 177 185 149 190 
4. Vacuum rii c ron s ) 13 12 10 10 10 1 ? 12 
5. Composition PbS 4. 7856 4. 7856 2. 3928 2, 3928 2, 7 :,28 2. 3928 4, 7856 
of Cl1ar,·e " ZnS 0. 9744 0 . 9744 o . 8744 1 . 9488 1 . ~) 4813 0. 9744 0 , 9714 
( r roms' S 1\11 5. 7GOO 5. 7000 3. 3672 4, 341G 4, 3416 3 . 3672 5 . 7 300 
h . r. o()sition Pbo 83 . 08 83. 08 71 .05 55 . 10 55 . 10 71.05 6: •· 3 
of Cha1' <'e ZnS 16. 2 16. 92 28 . 05 44. 90 44 . 00 18. 95 16. S-2 
(wei vht %) SUll\ 100. 00 100 . 00 100 . 00 100 . ()0 100. 00 l ()O . ()(1 100 . 00 
7. PhS : ZnS ' i n Cha rge 2 2 1 0. 5 o. r:; l 2 
8. Wei p:ht of Residue( r , ) . 4. tl.716 0 , 3650 0 . 4057 0 . 0351 0 .0140 0 . 0000 0 . 0000 
9 , Loss of We i ght (g~) 1 , 2884 5. 3~150 2. 9515 4. 3065 4 . 3276 3. 3672 3, 3672 
10. CoI'lposition P1)S 7~l . OG 5, 92 o. s5 o . oo o .oo 
------ ------
of Hesi foe z s 2(1 • 88 93. 52 f\9 . 27 100 . 00 100 .00 
------ --- ---(woirht ;) Sun 99. 94 99. 44 !JU , 82 1ou . oo l C0 , 00 
--- --- ------
ll . co~mns.:i ~ ic,>1 PbS 3, S353 0 , 0216 0 . 0022 O. OOlJ 0 , (000 
------ ------
of 1iesi 1ue ZnS 0, \'337 0 . 3413 ll . tlvfi8 0. 0351 0 . 011 
--- --- ------(, r ams ) Stu.1 4. , 11.G90 o . 3629 0, 1Z)58 J . 0351 o . ovo 
------ ---- --12, PbS Charge 4. 785ti 11 , 7856 2. 3928 2. 3928 2. 3928 2, 3928 4, 7 so 
Be lance ·Res idue 3. 5353 0 , 0216 0 , 0022 0 . 0000 0 . 0000 0.0000 0. 0000 (p;rams ) Loss 1.2503 4. 7610 2, 3906 2. 3928 2, 3q28 2. 3928 4 . 7~56 
13 . PbS Residue 73 . 87 0. 45 O, OFl o.oo o.oo o. oo o.oo 
-Bala.nee Lo s s 26 . 13 99. 55 9t , 92 100 . 00 100 . 0J 100 . 00 100 . 00 (,,rt . 1,) Charr:e 1ou. oo 100 . 00 100 . 00 100. 00 100. 00 100.00 100 , 00 
14. ZnS Cha rre 0, 9744 o. 9744 0. 9744 1. 9488 1 , 9488 0 , 9744 0 , 9744 
Ba.lance Res idue 0, 9i37 0. 3413 0. 4028 0 . 0351 0 . 01. 4{) 0. 0000 0. 0000 (p:rams) Lo ss 0, 0407 o. 6331 0, B716 o . 9137 l . 9~4 8 o . 9744 0 . 9744 J s. ZnS Residue 95. 82 35, 03 41 . 34 1. 00 o . 72 o.oo o.oo 
Balo.nee Lo s s 4. 18 64. 97 58. 66 98, 20 99. 28 100 . 00 100 . cc (wt. ,%) Cha rge 100 . 00 100. 00 100 . 00 100. 00 100 . 00 100. 00 100. 00 
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11) Overlaupµ)g of the Condensates 
As shown in Figure 56, the overla-nping of the 
condensates becomes more pronouced at higher temperatures. 
At 700°c, the zinc sulfide sublimed cannot reach the 
colder portion of the condenser to mix with the lead 
sulfide. At higher temperatures, the condensation of 
zinc sulfide can extend to lower portions of the condenser 
to mix with the lead sulfide which has been already 
condensed. 
The slow rate of heating and cooling would change 
the temperature gradient along the condenser continuously 
and may have caused overlapping of the different con-
densates. When the mixed zinc sulfide and lead sulfide 
are heated, the latter will sublime first and the re-
sulting condensate will extend downward to the portion 
f the condenser where the temperature is low enough to 
cause the condensation of lead sulfide. A portion of 
the lead sulfide which has condensed can now re-sublime 
the temperature of the condenser is increased; at 
stage, if the sublimation of the zinc sulfide in the 
barge is still negligible, the re-sublimation of lead 
ulfide can take place freely. However, if zinc sulfide 
s sublimed at this stage it will overlap the lead 
ulfide previously condensed, and the re-sublimation of 
sulfide will be retarded. If the re-sublimation of 
ead sulfide at the upper portion of the condenser is not 
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complete, overlapping will result. The very slow rate 
of cooling in this investigation gave an additional 
pronounced effect to this overlapping phenomenon. When 
the furnace and the condenser are cooled down slowly, 
some lead sulfide which still remains in the residue, 
due to the insufficient length of time for sublimation 
at the worlring temperature, may sublime during the cool-
ing stage and condense at the upper portion of the con-
denser to mix with the zinc sulfide which has sublimed 
at early stage. This overlapping can not be reduced 
to any extent, for no re-sublimation can take place 
during the cooling stage. It is evident that the effect 
of slow rate of heating and cooling upon the overlapping 
phenomenon will be more nronounced for higher working 
temperatures. 
The overlapping effect is worse for a lower molecular 
ratio of lead sulfide to zinc sulfide in the charge, 
as shown in experiments PZ-5 and PZ-6. 
111) Conclusions 
From the above discussion, the following conclusions 
can be drawn:-
(1) Rapid heating and cooling can reduce overlapping 
of the condensates to some extent. 
(2) The vacuum separation of lead sulfide and zinc 
' 0 sulfide may be attained at 750 to 800 c. 
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(3) If lead sulfide and zinc sulfide are both 
to be separated from other non-volatile impurities, it 
is possible to sublime them at 900°0, and obtain a 
separation in the condenser. 
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3. Exneriments on the Vacuum Separation o:f MnS and ZnS 
a) Introduction 
Zinc su1fide can be classified as a vo1atile sulfide, 
and manganese sulfide can be considered as a non-volatile 
sulfide. Their vapor pressures di:f:fer by about three 
logarithimio units, i.e., the vapor pressure of zinc 
sulfide is about one thousand times of that of manganese 
sulfide. Therefore, it should be possible to separate 
them by vacuum sublimation in which zinc sulfide wi11 
sublime and manganese sulfide will remain in the residue. 
The experimental data listed below wil1 illustrate 
clearly this type of vacuum separation process. 
b) Exnerimental Results 
Technically pure zinc sulfide and manganese sulfide 
in powder form were used as raw materials in this 
investigation. A series of samples were prepared with 
different molecular ratios of manganese sulfide to 
zinc sulfide; the mixtures were packed in an alundum 
crucible with a cross section of 3.74 square centimeters. 
These charges1ere heated under a vacuum of 9 microns 
at 1000°c for 150 to 360 minutes. The experimental 
data along with the results of calculations are listed 
in Table LIII in which the experiments are arranged in 
the order of increasing molecular ratio of manganese 
sulfide to zinc sulfide in the charges. 
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In all experiments only the white zinc sulfide 
sublimate was observed in the second tube of the graphite 
condenser. The amount of manganese su1:fide sublimed 
was too small to be detected. 
Notes for Table LIII:-
8. The loss o:r we1.ghts recorded are the di:f:ference 
between the actual weight of the charge and that 
of the residues. 
9. The manganese content of the residues was determined 
by Vo lhard' s method ( 127) in which the bivalent 
(127) Blum, W., Analyzed Iron and Manganese Ores, U.S. 
Bureau of Standard, Cir. No. 26, (1935) p. 17. 
manganese in neutral solution (cond1tioned with 
zinc oxide) is oxidized to the quadrivalent state 
by titrating with a standard solution of potassium 
pennanganate at approximately ao0 c. Two distinctive 
portions were observed in the residues of experi-
ments MZ-1 and MZ-4: the surface layer was black, 
and the interior portion was brown in color. The 
manganese content of each of these portions was 
determined by analysis; the results are listed as 
:follows:-
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Table LIII Experimental Results for 
Vacuum Separation o:f MnS and ZnS 
1. Experiment No. MZ-2 MZ-1 MZ-4 
2. Temperature {°C) 1000 1000 1000 
3. Time {minutes) 150 150 360 
4. Vacuum (microns) 9 9 9 
5. Composition lfnS o.8699 1.7398 3.4796 
of Charge ZnS l.9h88 l.9h88 l.9J,88 
(grams) Sum 2.8187 3.6886 5.4234 
6. Composition MnS 30.86 47.17 64.10 
of Charge ZnS 69.14 C52.83 'l~.90 (weight%) Sum 100.00 100.00 100.00 
1. MnS : ZnS in Charge 0.5 l 2 
8. Material Charge 2.8187 3.6886 5.4284 
Balance Residue o.8840 2.1110 3.8630 (grams) Loss 1.9347 1.5776 1.5654 
9. Mn in Residue (wt.%) 61.75 51.78 56.10 
10. Composition MnS 97.79 82.01. 89.79 
o:f Residue ZnS 2.21 17.99 10.21 (weight%) Sum 100.00 100.00 100.00 
11. Composition MnS o.8644 1.7314 3.4686 
of Residue ZnS o.m.96 0.3796 o. -:tQJ.J, (grans) Sum 0.8840 2.1110 l.8610 
12. lfnS Charge o.86~ 1. 739& 3.4796 
Balance Residue 0.861,4 1. 7314 3.4686 (grams) Loss 0.0055 0.0084 0.0110 
13. MnS Charge 100.00 100.00 100.00 
Balance Residue 99.37 99.50 99.68 (wt. %) Loss 0.63 0.50 0.32 
14. ZnS Charge 1.9488 1.9488 1.9488 
Balance Residue 0.0196 0.3796 0.3944 (grams) Loss 1.9292 1.5692 1.5544 
15. ZnS Charge 100.00 100.00 100.00 
Balance Residue 1.00 19.48 20.23 (wt. %) Loss 99.00 80.52 79.77 
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Experiment No. MZ-1 MZ-4 
Wt of sur:race 1ayer(gram) 1.2590 2.8465 
:Mn in sur:face layer(wt.%) 62.80 61.75 
MnS 1n sur:race layer( wt.%) 98.19 97.79 
Wt of interior part(gram) 0.8520 1.0165 
:tvm in interior part(wt.%) 36.70 42.55 
MnS in interior part(wt.%) 58.12 67.38 
The figures listed in Row 9 for experiments MZ-1 and 
MZ-4 were calculated :rrom the above data. 
10. The MnS in the residue was calculated from the Mn 
content in the residue (row 9) by assuming that 
all Mn was present as MnS. The remainder was con-
sidered to b~ ZnS. 
11. The composition of the residue in terms of manganese 
sulfide and zinc sul:fide expressed in grams was 
calculated by multiplying the weights of the residues 
with the respective weight percent. The figures 
listed in this row were used for the calculation 
of MnS balance (12. and 13.) and ZnS balance (14. an:115) 
12. The weights of manganese sulfide in the charge and 
the residue were copied from row 5 and 11 resp~ctively; 
the losses were determined by the difference between 
the weights of the charges and the residues. 
~3. Calculated :from row 12 • 
• 
~4. Calculated in the same way as that used in row 12. 
~5. Calculated :from row 14. 
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c) Discussion 
i) Sublimation of MnS 
The sublimation loss of manganese sul:fide is about 
0.5 percent which is within the experimenta1 error of 
the method of the chemical analysis used :for the de-
termination of manganese in the residues. Therefore, 
the sublimation of manganese sulfide is negligible, 
which agrees with the vapor pressure data determined 
in the previous chapter. 
ii) !:bblimation of ZnS 
The amount o:f zinc sulfide sublimed increases with 
the decreasing molecular ratio of manganese sulfide to 
zinc sulfide in the charge; when the ratio is equal to 
0.5, 99 percent of the zinc sulfide is sublimed and 
separated :from the manganese sulfide; when the ratio 
is equal to one, the amount of zinc sulfide sublimed 
drops to 80.52 percent; when the ratio is equal to two, 
and even though the time o:f heating is increased :from 
150 minutes to 360 minutes, the amount of zinc sublimed 
is'only 79.77 percent. 
11:1) Mechanism o:f Separation 
As mentioned before, vacuum sublimation is exclu-
sively a surface phenomenon. Once the zinc sulfide 
molecules present in the surface layer are sublimed, 
there will be a concentration gradient created between 
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the sur:face and the lower layers, which wi11 cause 
the diffusion o:r those zinc sul:f1de molecules in the 
lower layers to the surface; at the same time, manganese 
su1:fide wi11 diffuse in the opposite direction. Usually 
di:f:fusion is a rather slow process, thus it will be-
come the rate-determining process in the vacuum separa-
tion of' metallic sulfides. 
This theory is confirmed by the :fact that the 
manganese sulfide contents in the sur:face layer and 
the interior part of the residues are 98.19 and 58.12 
percent respectively in experiment MZ-1; and 97.79 and 
67.38 percent respectively in experiment MZ-4. 
The relation between the amount o:r zinc sulfide 
sublimed and the molecular ratio o:r manganese sulfide 
to zinc sulfide in the charge as described in 11) 
can be eas1iy explained by the mechanism described 
above. 
The rate o:r separation can be promoted by provid-
ing a shallow depth of' the charge or some means of 




The possibility of using vacuum methods 1n the 
metallurical treatment of metallic sulfides was the 
subject of this investigation. 
The academic and commercial importance of this 
problem was described in Chapter I. 
In Chapter II, the most important property, the 
vapor pressure or the volatility of the metallic sulfides, 
which must be the first consideration in vacuum metal-
lurgy, was determined by Langmuir's method. The vapor 
pressure-temperature relations for the sulfides of 
zinc, cadmium, mercury, manganese, tin, lead, arsenic, 
and antimony were established in different temperature 
ranges from the experimental data. The free energies 
and heats of sublimation for the sulfides of zinc, 
cadmium, mercury, manganese, and tin were calculated. 
It was found that the sulfides of molybdenum, 
iron, nickel, cobalt, and copper dissociate before 
they sublime; the extent of dissociation and sublimation 
was estimated from either the free energy calculation, 
from chemical analysis, or from both. The term napparent 
vapor pressure" was used to describe the experimental 
data for such sulfides. 
The vapor pressure of the sulfides of calcium, 
259 
sodium, and aluminum were qualitatively estimated from 
the experimental data. 
From the experimental results found in this 
investigation, together with the qualitative information 
scattered widely in the literatures, it was found that 
the volatilities and thennal stabilities of metallic 
sulfides have a definite relation to the position of 
the respective metals in the periodic table. This 
• 
relation was fully discussed, and serves as the theoreti-
cal basis of the vacuum metallurgy of metallic sulfides. 
The possible metallurgical problems in this field, 
reduction, dissociation, and separation of metallic 
sulfides under vacuum were discussed in following 
chapters. 
In Chapter III, the vacuum reduction of metal.lie 
sulfides was discussed first from theoretical considera-
tions. These processes were class:ified into two types:-
1. MS ,1. M 1 -
-
M'S + M (volatile) 
2. MS + M' M + M'S (volatile) 
The possible application of the two types of re-
actions was predicted. 
The mechanism of the reduction of the first type 
was illustrated by experiments on the reduction of 
zinc sulfide with calcium carbide. It was found that 
92 percent of the zinc in zinc sulfide can be recovered 
as zinc metal with a purity of 99.4 percent when the 
reduction is carried out at goo0 c under a nitrogen 
atmosphere with sodium chloride as a catalyst. 
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T'ne mechanism or the reduction of the second type 
was illustrated by the experiments on the reduction 
of iron sulfide with silicon, and the reduction of 
molybdenum disulfide with silicon or tin. It was 
found that molybdenum silicides, which are highly 
resistant to oxidation at high temperatures, can be 
prepared by this method. Molybdenum metal may be 
prepared from the vacuum reduction of i~s sulfide 
with tin. 
In Cha~ter IV, the possible vacuum dissociation 
processes were discussed and predicted. The experiments 
on silver sulfide were carried out to illustrate such 
a process. It was found that a silver bullion with 
a fineness of 999 can be obtained from the dissociation 
of chemically pure silver sulfide at 904°c under a 
vacuum of 9 microns; the loss due to sublimation was 
below one percent. 
In Chapter V., the possible vacuum separa~ion 
processes for metallic sulfides were discussed and 
predicted. They were classified into two types:-
1. Two volatile sulfides with different volati1itie~ 
2. One vo1atile su1fide and one nonvolatile sulfide. 
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The mechanism of the separation of the first type 
was investigated by the experiments on the vacuum separa-
tion of lead sulfide and zinc sulfide; that of the second 
type was investigated by the experiments on the vacuum 
separation of zinc sulfide and manganese sulfide. 
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